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ABSTRACT 
The demand of vegetable oil for human consumption in the world is 
principally derived from oilseeds. In the Indian economy, oilseeds constitute 
the second major agricultural commodity next to food grains in terms of area, 
production and value. Currently, India accounts for about 13% of world's 
oilseeds area and 7% of the oil produce, whereas 10% of world's edible oils are 
consumed in the country. 
The projected demand of oilseeds in India is around 34 million tonnes 
by 2020, of which about 14 million tonnes is to be met by rapeseed-mustard. 
The productivity rate of rapeseed-mustard in India is considerably low in 
comparison to other countries such as Algeria, France and Canada. There are 
indeed, multitudes of factors which are responsible for a lower productivity and 
yield declines. Among major constraints, the occurrence of diseases and insect 
pests appears to be an important factor and has restricted fast expansion of 
oilseed cultivation and abated the productivity of these crops in India. There 
are about thirty diseases, which are reported to occur on oilseed brassicas. 
Among these, Alternaria blight is considered as of major consequences on the 
basis of wide distribution and higher yield losses caused by the disease to 
Brassica spp. world over including India. The disease is caused by three 
species oi Alternaria viz., A. brassicae (Berk.) Sacc, A. brassicicola (Schw.) 
Wilts and A. raphani Groves and Skolko, former two species being principal 
causal pathogens of the disease. Infection with A. brassicae results to 
development of concentric lesions, yellow to brown in colour which principally 
appears on the leaves, but are also formed on stem and sliquae. The lesions 
caused by A. brassicicola are dark brown to almost black, pin head circular, 
concentric rings and zonate spots of up to 10 mm in diameter. Lesions 
gradually enlarge and coalesce causing blight to the entire leaf or its part 
particularly when numerous lesions are formed. 
In addition to biotic pathogens such as Alternaria spp. or other 
pathogens, rapeseed-mustard may also be injured and damaged by abiotic 
pathogens such as air pollutants like SO2, O3, acid rain etc. Sulphur dioxide is 
an important phytotoxic air pollutant especially in the countries where fossil 
fuels are excessively used. In India and other developing countries coal is a 
major source of energy to run industries, hence, SO2 has become a major and 
prevalent phytotoxic air pollutant throughout India. In addition to coal burning, 
other source of SO2 pollution are volcanic eruptions, production and utilization 
of petroleums, metal smelting and natural gas processing. Sulphur dioxide is 
diffused into plants through open stomata of leaves. The gas then reacts with 
moisture in leaf tissue and is converted into sulphite and sulphate ions which 
are known to inhibit irreversibly both cyclic and non-cyclic photophos-
phorylations by affecting the coupling factor of chloroplast thylakoids and 
Calvin cycle enzymes in leaves. The gas causes toxicity to leaf pigments 
leading to chlorosis, browning or other discolouration and necrosis of leaf 
tissue. Sulphur dioxide has been recognized as inanimate or abiotic plant 
pathogen as it causes characteristic symptoms and suppresses plant growth and 
yield. 
Hence, plants in nature may be attacked simultaneously by abiotic and 
biotic pathogens. These two kinds of pathogens, if co-exist in the crop 
pathosystem may interact and develop some relationships which may be of 
three types. If the air pollutant, directly or indirectly through the host is toxic to 
biotic pathogens, the disease may be suppressed and subsequently an 
antagonistic interaction would occur. The pollutants may predispose the host 
plant for greater invasion and damage by the pathogen by modifying host 
physiology and/or create avenues for invasion by injuring the host tissue so as 
to make the plant more susceptible to the pathogen or vice versa. This may lead 
to a synergistic relationship between pollutant and pathogen, thus causing 
greater damage to the host plant. Third possibility is that both pollutant and 
pathogen may act independently without influencing the activity of each others. 
Critical analysis of the information available on pollutant-pathogen interaction 
has revealed that the investigations carried out on the aspect are inadequate to 
ascertain the effect of air pollutants on plant diseases. In India, a similar 
situation of coexistence of SO2 and Alternaria spp. exists in fields around coal 
fired industries and other SO2 sources. Hence, detailed and systematic study 
was conducted to evaluate the effect of intermittent exposures of SO2 at 
concentrations relevant to Indian environment on Altemaria blight caused by A. 
brassicae and A. brassicicola on Indian mustard, Brassica juncea L. Czern & 
Coss. The study was started with screening of different cultivars of mustard 
against A. brassicae, A. brassicicola and SO2 separately followed by their 
interactive effects on the crop. Different inoculation methods were tested first 
to select an efficient method of causing greater infection and disease by the 
Alternaria spp. 
Infected leaves, stems and pods of rapeseed-mustard showing circular, 
grey to sooty velvety concentric spots were collected from the farmer's fields. 
The associated Alternaria spp. were isolated by inoculating the infected leaf 
tissue on sterilized solidified potato dextrose agar (PDA) in Petri plates 
following standard procedure. After incubation of plates in a BOD incubator at 
25±2°C for 72 h, colonies oi Alternaria spp. were identified on the basis of 
conidial characters. The morphological characters such as length, breadth and 
number of septation of the isolate were recorded on 15 days old culture and 
compared with the standard culture of A. brassicae and A. brassicicola 
obtained from the Division of Mycology and Plant Pathology, lARl, New 
Delhi, India to confirm the identity. Koch's postulates were also verified by 
spraying one month old mustard plants with the spore suspension of A. 
brassicae and A. brassicicola and subsequent isolation from the lesions formed 
on the leaves. Pure culture of ^. brassicae and A. brassicicola was maintained 
in culture tubes on PDA. Inocula of the pathogens were prepared in Richard's 
liquid medium in 500 ml conical flasks. The flasks containing 300 ml liquid 
medium were inoculated with the pure culture of A. brassicae and A. 
brassicicola and were incubated in a B.O.D incubator at 25 ± 2°C for a week. 
Thereafter, the mycelial mats were collected from the flasks and blended in 
distilled water to make a homogenous suspension of spores. 
The relative performance of different inoculation methods viz., foliar 
spray, agarose gel method, soil application and seed treatment with A. 
brassicae and A. brassicicola was evaluated to standardize the methods of 
inoculation for further use in the study. For A. brassicae two cultivars of Indian 
mustard namely Pusa Bold and Rohini were used to evaluate relative 
performance of inoculation methods, whereas for ^. brassicicola the cvs. BS-2 
and Kranti were tested. The foliar spray was found to be the most effective 
method of inoculation to achieve severe disease symptoms. Phylloplane 
population of the fungi was also recorded greater on the plants sprayed with 
spore suspension of Alternaria spp. The next in effectiveness in causing the 
disease and its further development was agarose gel inoculation. The plant 
length was decreased significantly due to inoculation with A. brassicae or A. 
brassicicola by foliar spray. Seed and soil inoculation methods resulted to mild 
blight symptoms but significant reduction in plant growth variables did not 
occurs. The regression analysis between the disease severity and yield decline 
has shown stronger relationship between the two variables for foliar inoculation 
followed by agarose gel method. The foliar inoculation caused the blight of 
severity that led to the yield decline greater than other methods. The study has 
demonstrated the spray of foliage with spore suspension of A. brassicae or A. 
brassicicola is highly effective method of inoculation, hence it was used during 
the course of study of screening and interaction experiments. 
Ten commonly cultivated cultivars of Indian mustard namely Mahyco 
Bold, Rohini, Alankar, Swarna, Varuna, Karishma, Pusa Bold, BS-2, Kalamoti 
and Kranti were used in different experiments as a test crop. Seeds of these 
cultivars were found infested with A. brassicicola and A. brassicae, former 
being highly dominant occurring singly or concomitantly whereas A. brassicae 
was found mostly in concomitant infestation. Hence, the seeds were sterilized 
with sodium hypochlorite (0.5%) before the sowing. One month old plants of 
these cultivars grown in 15 cm clay pots (1 kg autocalved soil) were inoculated 
with A. brassicicola by spraying the foliage with pure spore suspension of the 
fungus. All cultivars showed the symptoms of leaf spot and blight on leaves, 
and a few cultivars on stem and/or pods also. The disease severity varied by 8-
71%. Development and progress of the blight was slower in Kalamoti (8-10%) 
followed by Swarna (15-30%). Inoculation with A. brassicicola resulted to 
significant decline in the yield of Indian mustard cultivars except Kalamoti, 
being greatest in cv. Karishma (50%) followed by Rohini (46%) and lowest in 
Kranti (10%) in comparison to respective uninoculated control. Highest 
population of the fungus was recorded on leaves (20-37 x 10 spores/cm ) 
followed by stem (8.0-15.0 x 10^  spores/cm^) and pods (4-14x10-' spores/cm^) 
and lowest on seeds (1.0-3.0 x 10^  spores/seeds). Two cultivars viz., Kalamoti 
and Kranti were found less susceptible to A. brassicicola and can be cultivated 
in a situation of non availability of resistant/tolerant cultivars. 
Same ten cultivars of Indian mustard were evaluated against A. 
brassicae and all of them developed characteristic symptoms of concentric 
lesions of Alternaria blight but to a varying extent. Severity of the disetise, 
however, varied with the cultivar. In some cultivars viz., Pusa Bold, Karishma 
Mahyco Bold, Varuna, BS-2 and Alankar, lesions also developed on the stem 
and siliquae. In the cvs. Rohini and Kranti, the number and size of necrotic 
lesions were smaller, indicating expression of some resistance/tolerance against 
the fungus. Whereas the cultivars Pusa Bold, Alankar, Mahyco Bold, BS-2, 
Varuna etc. developed larger lesions. Infection by A. brassicae expressed as 
leaf spot subsequently resulted to reduction in the yield of Indian mustard, and 
the decline in the cultivars ranged from 19-44%, being highest in Karishma and 
lowest in Rohini. The phylloplane population of the fungus was recorded 
highest in the susceptible cultivars (Varuna and BS-2, 35.0 x 1 O^spores/cm )^ 
and lowest in tolerant cultivar (Rohini, 22.0 xlO^ spores/cm^). The study has 
shown that 80% of the germplasm of Indian mustard tested was found highly 
susceptible to A. brassicae and exhibited significant yield decline. 
To evaluate the sensitivity of the mustard germplasm to 25, 50 and 75 
ppb SO2, and the effects of intermittent exposures of the gas on the 
development of Alternaria blight caused by A. brassicae and A. brassicicola, 
open top cylindrical exposure chambers of 2.5x2 m dimension (diameter x 
height) were used to expose mustard plants to SO2. The exposure chambers 
were in a dynamic state and there was no stagnation of air in any part. On 
average air flow rate inside the chamber at different locations and heights was 
0.2-0.5 m/s and total replacement of air inside the chamber occurred once in 
1.0-1.5 minutes. Since the chambers were built with transparent polysheets 
with open-top, any significant hindrance in the sunlight incidence was not 
noted. SO2 from a gas cylinder (1% SO2, 99% N2; Sigma gases, New Delhi) 
was introduced into the blowing assembly of the exposure chambers and its 
concentration was monitored with the help of SO2 analyzer (lEC 9850B 
Ecotech, Australia). The SO2 Analyzer was an ultraviolet inflorescence 
spectrophotometer designed to continuously measure low concentration of SO2. 
To monitor SO2 concentration inside the chamber three inlet Teflon pipes were 
fitted at 25, 50 and 100 cm heights inside each exposure chamber which 
supplied the air gas mixture to the SO2 analyzer with the help of an additional 
suction pump fitted before the analyzer. Sampling of SO2 from different 
heights was done to minimize minor locational variation in the SO2 
concentration that might occur at different heights inside the chamber and to 
estimate an average concentration. The frequency of SO2 monitoring in eveiy 
chamber was once in 45 minutes for 5 min/monitoring. Excess gas mixture was 
exhausted by a pump fitted to the SO2 analyzer. Desired concentration of the 
gas i.e., 25, 50 and 75 ppb SO2 (5 h mean) was maintained by calibrating the 
flow rate of pure SO2 from the cylinder and speed of the blowing assembly. To 
minimize chamber differences, pots were rotated among the chambers at each 
exposure. 
Ten cultivars of Indian mustard, B. jmcea viz., Alankar, BS-2, 
Kalamoti, Karishma, Kranti, Mahyco Bold, Pusa Bold, Rohini, Swarna and T-
59 were exposed to 2 (ambient), 25, 50 and 75 ppb SO2 concentration for 5 h 
day' on alternate days for 3 months to evaluate sensitivity to the gas. The 
exposures started at one month after seed sowing and continued till harvest. 
SO2 at 25 and 50 ppb concentrations did not cause any measurable injury to 
mustard cultivars. Intermittent exposures of plants to 75 ppb SO2 caused mild 
yellowing of leaves of mustard cultivars which is a characteristic symptom of 
the gas. The exposures at 75 ppb SO2 also reduced {P< 0.05) the plant fresh 
weight and yield of all mustard cultivars. Chlorophylls and carotenoids were 
found more sensitive to SO2 than the plant growth parameters. Intermittent 
exposure of plants at 25 or 50 ppb SO2 did not influence the length or fresh 
weight of mustard cultivars. This screening study has indicated that crop 
species especially the plants with expanded leaves such as Indian mustard may 
sustain foliar injury and significant yield decline due to exposure to 50-75 ppb 
SO2 for 5 h on alternate day, and degree of sensitivity vary with cultivars. The 
cv. Kalamoti showed considerable degree of tolerance against SO2; the clonal 
response is, however, needed to be further verified before it is categorized as a 
SO2 tolerant cultivar. 
Effect of intermittent exposures of SO2 on the Alternaria leaf blight 
caused by A. brassicae and A. brassicicola was also evaluated on ten cultivars 
of Indian mustard viz., Alankar, BS-2, Kalamoti, Karishma, Kranti, Mahyco 
Bold, Pusa Bold, Rohlni, Swama and T- 59. One month old plants, a day after 
inoculation with the fungus by foliar spray were exposed intermittently to 2 
(ambient), 25, 50 and 75 ppb SO2 concentration for 5 h day"' on alternate days 
for 3 months in open top exposure chambers. The exposures at 75 ppb SO2 
caused mild yellowing and chlorosis of leaves of mustard cultivars, whereas 
inoculation with A. brassicae incited the characteristic symptom of circular 
lesions on the leaf surface. Fungus infection does not affect the sensitivity of 
plants to SO2, but the exposures influenced the severity of Alternaria blight. At 
75 ppb SO2, the Alternaria blight was relatively lower, as noticed in all 
cultivars tested. This may be due to inhibitory effect of SO2 on sporulation and 
multiplication of ^. brassicae as the fungus was directly exposed to SO2. The 
gas exposures, at 50 ppb, however, promoted the infection of ^. brassicae as a 
result the blight severity was significantly greater on 50 ppb exposed mustard 
plants. The interaction between A. brassicae and SO2 was found to be 
concentration dependent. The interaction of the fungus and 50 ppb SO2 was 
usually synergistic i.e. the two agents jointly caused greater reduction than the 
sum of their individual effects. For example, 50 ppb SO2 and A. brassicae 
concomitantly reduced the yield of cv. Karishma by 27% against the additive 
effect of 18%. The synergistic interaction apparently has occurred due to 
stimulatory effect of 50 ppb SO2 on the sporulation and/or spore germination of 
A. brassicae. The cvs Rohini and Kranti developed blight symptoms in traces 
(8-10%), but the disease incidence increased to 20-30% on 50 ppb exposed 
plants. At 75 ppb SO2, the interaction was usually antagonistic leading to a 
lesser reduction in the plant growth or yield compared to sum of the individual 
effects. The fungus and 75 ppb SO2 jointly reduced the yield of cv. Pusa Bold 
by 27% where as sum of individual effects was 35%. Overall synergistic (50 
ppb) and antagonistic interaction (75 ppb) between the SO2 and A. brassicae 
were recorded on eight cultivars (Karishma, Kranti, Swarna, Alankar, Rohini, 
T-59, Mahyco Bold and Kalamoti) and 5 cultivars (Karishma, Kranti, Pusa 
Bold, Alankar and T-59), respectively, out often cultivars, whereas on rest the 
interaction was near to additive. 
In another experiment, A. brassicicola also responded more or less 
similarly to SO2, and the interaction between the gas and the fungus species 
was found to be dependent of SO2 concentration. The gas at 25 and 50 ppb SO2 
promoted pathogenesis of A. brassicicola, as a result the cv. Kalamoti, 
expressing tolerance to the fungus, became susceptible and exhibited greater 
blight and plant growth reductions at 50 ppb SO2. The cv. Kalamoti expressed 
tolerance to A. brassicicola (7% disease incidence) and did not exhibit 
significant suppression in the yield (/'<0.05). The exposures at 50 ppb 
apparently broke the tolerance reaction of the cv. Kalamoti and greater lesions 
(28%) developed on the leaves of exposed plants. The fungus inoculation, 
however, did not influence the sensitivity of the cultivars to SO2. In general 
synergistic interaction between 50 ppb SO2 and the fungus was recorded on six 
cultivars (Kalamoti, Kranti, Mahyco Bold, T-59, Karishma and Swarna) out of 
ten cultivars tested. The interaction between A. brassicicola and 75 ppb SO2 
was antagonistic on two cultivars (Alankar and Mahyco Bold), while on rest 
cultivars near to additive. At 75 ppb SO2, the sporulation of the fungus was 
suppressed but increased at 50 ppb SO2. 
The study has demonstrated that the common germplasm of mustard in 
India is susceptible to Alternaria spp. and considerably sensitive to SO2 at 
concentrations relevant to Indian environment. However, sensitivity of plants 
to the gas and susceptibility to the blight fungus varied with the cultivar. The 
cultivars which demonstrated tolerance against the A. brassicicola (cv. 
Kalamoti) and A. brassicae (cv. Rohini) became susceptible to the fungus and 
developed moderate symptoms and significant yield reduction due to exposure 
to 50 ppb SO2. In general, 25 and 50 ppb SOifor 5 h on alternate day promoted 
the pathogenesis of the fungus whereas as 75 ppb SO2 suppressed the blight. 
The synergistic interaction between 50 ppb SO2 and Alternaria spp. was 
recorded on more than 70% of the cultivars tested. The interaction between 75 
ppb SO2 and the fungus was antagonistic or near to additive. 
Stimulatory effects of 50 ppb SO2 on Alternaria blight is an alarming 
observation as this concentration of the gas may occur around SO2 sources in 
India. Hence, crops growing around coal fired thermal power plants, petroleum 
refineries, busy highways or other major SO2 sources may develop Alternaria 
blight of greater severity, irrespective of clonal reaction. 
ttobuction 
OntrodiAction 
Environment is the sum of substances, forces and conditions external to 
an organism that influence its various components and constitutes a multi-
dimensional system of complex relationships in a continuing state of change. 
Land, air and water, with their flora and fauna, constitute environment for man 
who depends on environment and simultaneously becomes an environmental 
factor for other members in the ecosystem. Man has been facing problems in 
maintaining himself and his descendents on earth since his existence. Light, 
temperature, atmospheric humidity, air quality, soil features, wind and altitude 
are the various environmental factors which work in conjunction but not in 
isolation, thus, results the organisms in a holistic manner. It alters the natural 
balance in the environment when quality or magnitude of any one factor 
changes and may cause a variety of stresses on the organisms or objects of a 
given ecosystem. 
Air, water, food, heat and light are essential for human existence. Plants 
are more dependent of the environment as they are permanently attached to soil 
to absorb water and nutrients and exposed to air for gaseous exchange and light 
absorbance. Pure air consisting of a gaseous mixture of nearly 78% of nitrogen, 
21% of oxygen and one percent of carbon dioxide, nitrogen dioxide, ozone, 
sulphur dioxide etc. is necessity of animal and plants. A change in the relative 
proportion of the gases beyond the self regulating capacity of the environment 
is commonly known as air pollution and is injurious for plants and other 
organisms. 
The air pollutants originating from natural or anthropogenic sources 
may be organic (hydrocarbons) or inorganic (CO, SO2, NO^, O3, PAN, acid 
rain, etc.) based on chemical composition. Air pollutants are of two kinds, 
primary pollutants and secondary pollutants depending on their formation. 
Primary pollutants are those which are toxic to plants in the form generated 
from the source eg. SO2, NO^, H2S, NH3 etc. Secondary air pollutants are 
formed due to reaction between primary pollutants in the presence of sun light 
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(UV) eg. O3, PAN etc. The pollutants may be produced by natural events (dust 
storm, volcanic eruptions, forest fire, sea spray or plant pollen etc.) or human 
activities (industrial emission, vehicular discharge, nuclear explosion, solid 
waste disposal and some domestic activities). 
Sulphur dioxide is an important phytotoxic air pollutant especially in the 
countries where fossil fuels are excessively used. In India and other developing 
countries coal is a major source of energy to run industries, hence, SO2 has 
become a major and prevalent air pollutant. In addition to coal burning, other 
source of SO2 pollution are volcanic eruptions, fossil fuel combustion, metal 
smelting and oil and natural gas processing. 
In addition to gaseous form, SO2 also contributes in the formation of 
acidic precipitations. The gas combines with moisture in the atmosphere, 
giving rise to acid rain, a rainfall which is acidic or more acidic than the normal 
natural water. Normally, pH of water ranges between 6.5 and 8.5 if the water 
pH goes below 6, the water is considered to be acidic. In India, some cities like 
Kolkata, Mumbai and Pune are reported to receive acidic rains which largely 
occur in the developed/industrialized country. 
Sulphur dioxide enters into plants through open stomata of leaves. The 
absorbed SO2 is converted into sulphite and sulphate ions which are known to 
inhibit irreversibly both cyclic and non-cyclic photophosphorylations by 
affecting the coupling factor of chloroplast thylakoids (Ryrie and Jagendrof, 
I97I) and Calvin cycle enzymes in leaves (Ziegler, 1972; Libera, 1975; Tanaka 
et al., 1984). At high concentrations such as 1 or 2 ppm SO2, photosystem II is 
inhibited irreversibly and the possible site of inhibition is close to the reaction 
centre (Shimazaki and Sugahara, 1980). Appreciable acidification of stroma 
and accumulation of H2O2 could lead to the inactivation of several key 
enzymes necessary for CO2 fixation. 
Exposure of plants to SO2 leads to development of visible foliar injury 
and symptoms. The injury may be of two types, chronic and acute. The chronic 
injury is characterized by prolonged exposure to low concentrations of SO2 (eg. 
0.02 ppm for months) and accumulation of sulphate ions. The acute injury 
results from short term exposure to high concentrations and accumulation of 
sulphite ions. Sulphur dioxide at 0.25 ppm for 8 h or 0.95 ppm for 1 causes 
acute injury in the form of tissue discolouration, necrosis etc. and significant 
reduction in plant growth and yield. 
Sulphur dioxide has been recognized as inanimate or abiotic pathogen 
and harms plants by suppressing their growth and dry matter production. These 
adverse effects occur through inhibition in the photosynthesis rate and 
reduction in chlorophyll pigments (Ali, 1998; Iqbal et al, 2000a). Sulphur 
dioxide has been reported to cause significant suppression in the plant growth 
and/or yield of a number of crop plants such as tomato (Khan and Khan, 1991; 
Khan and Khan, 1994b; Khan and Khan, 1998), egg plant (Khan and Khan, 
1997), cowpea (Khan and Khan, 1996a), okra (Khan and Khan, 1994a), 
soybean (Singh et al, 1996; Singh et al, 1997), bottle gourd (Khan et al, 
1991b; Khan and Khan, 1998) and pea (Kumar and Prakash, 1990; Singh et al, 
1995; Singh et al, 1996, Prakash et al, 1997). There are limited information 
on effect of SO2 exposures on plant growth and yield of mustard (Khan et al, 
2007). But in view of large foliage and expanded leaves, the crop is likely to be 
affected by SO2. 
Plants in nature may be attacked simultaneously by abiotic and biotic 
pathogens. When these two kinds of pathogens co exist in a common 
environment may interact and develop some relationship, which may be as 
follows. 
(a) If air pollutants, directly or indirectly through the host plant are toxic to 
biotic pathogens, they may suppress the disease and subsequently an 
antagonistic interaction would occur. 
(b) The pollutants may predispose the host plant for greater invasion and 
damage by the pathogen(s) by modifying host physiology and/or 
injuring the host tissue so as to make the plant much susceptible or 
easily invadable by the pathogen. This may lead to a synergistic 
relationship between pollutant and pathogen or vice versa, thus causing 
greater damage to the host plant. 
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(c) Both pollutant and pathogen may act independently without influencing 
the activity of each others. 
Exposures to SO2 may eventually leads to the accumulation of sulphur, 
increased acidity and other changes in plant physiology and biochemistry that 
may affect pathogenesis of microbes and subsequently the disease 
development. The environmental pollution may have a direct effect on plants 
and pathogens and it may alter the host parasite relationship influencing 
virulence of the pathogen and/or susceptibility of the host. Direct effect of SO2 
on fungal spores has been investigated in ambient and simulated conditions as 
well as in vitro. Since long germicidal nature of SO2 has been known to man 
but probably such observation in ambient condition was first made by Kock 
(1935) when he noticed absence of powdery mildew fungus, Microspheaera 
alni on oak trees in the vicinity of a paper mill in Australia. 
Industrial emissions containing SO2 may decrease incidence of the 
disease caused by various fungi viz. Alternaria solani, Hypodermella juniper, 
Hysterium pulicara, Rhystisma acerinum, Sphaerotheca fulginea and Venturia 
inaequalis etc. (Scheffer and Hedgcock, 1955; Przybylski, 1967; Rai, 1987; 
Khan et al, 1991b). With a gradual increase in distance from the smelter, there 
was a corresponding decrease in plant injury and increase in the incidence of 
fungal diseases (Rai, 1987; Khan et al, 1991b). Quite contrary to the above 
findings, a few reports show stimulatory effect of SO2 on the fungal 
pathogenesis. Conidial germination of powdery mildew viz. Erysiphe trifolii, 
E. pisi, E. polygoni, Microsphaera alphitoides, Phyllactinia dalbergiae, 
Sphaerotheca fulginea and S. cassia were suppressed on exposure to 0.1 and 
0.2 ppm SO2 (Khan and Kulshreshtha, 1991). The 50 ppb SO2 increased the 
severity of powdery mildew on cucumber caused by Sphaerotheca fuliginea 
(Khan et al, 1998). Higher concentration (200 ppb), however, suppressed the 
disease, and the fungus colonization partially protected the plants from SO2 
injury. Fungal spores are quite resistant to SO2 but they may become sensitive 
under moist and humid condition. Germination of wet conidia oi Alternaria sp. 
decreased by 60% from exposure to 50 ppm SO2 for 24 minutes, however, 110 
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ppm produced similar effects on dry spores (Couey, 1965). Exposure at 100 
and 200 ppb SO2 caused inhibitory effect on the colonization of Alternaria 
alternata and A. brassicicola, but sporulation and spore germination were 
stimulated at 100 ppb SO2 for 3-9 h (Couey and Uota, 1961; Wani etal, 1997). 
The demand of vegetable oil for human consumption in the world is 
principally derived from oilseeds. In the agricultural economy of India, oilseeds 
constitute the second major agricultural commodity next to food grains in terms 
of area, production and value. Currently, India accounts for about 13% of 
world's oilseeds area with 7% of the output, and 10% of world's edible oils 
consumption. The diverse agro-ecological conditions in the country are 
favourable for cultivation of all the nine annual oilseeds, including seven edible 
oilseeds, viz. groundnut, rapeseed-mustard, soybean, sunflower, sesame, 
safflower and niger and two non-edible sources, viz. castor and linseed. 
Rapeseed-mustard group of crops is among the oldest cultivated plants 
in human civilization. Biologically, the rapeseed and mustard plants belongs to 
the family Brassicaeae under the genus Brassica. The different types of oil 
yielding Brassica crops are commonly referred as rapeseed-mustard, and 
comprising of four species viz., B. juncea L. Czem and Coss (India mustard), 
B. campestris L. (Turnip rape), B. napus L. (Winter rape) and B. carinata 
Braun (Ethiopian mustard). These oilseeds Brassicas are best adapted to areas 
having a relativity cool moist climate during the growing season and dry 
harvest periods, hence grown in tropical, sub-tropical and temperate zones of 
the world viz., India, China, Pakistan, Bangladesh, Poland, Canada, France, 
Sweden, Germany, England, Australia and Russian states (Kolte, 1985; 
Mukerji et al, 1999). On the Indian subcontinent, B. juncea is the dominant 
species grown in India. These species are regarded as of Asiatic origin. It is 
largely grown under the hardy conditions of rainfed agriculture with low input 
management during rabi season, but have a good inherent potential to convert 
natural resources into usable biological energy. 
Rapeseed-mustard is cultivated in 53 countries spreading over six 
continents across the globe covering an area of 24.2 million hectares with an 
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average yield of 1451 kg/ha ranging from 411 (Russian federation) to 6250 
kg/ha. (Algeria) and netted the total production of 35.1 million tonnes. Asian 
continent alone contributes 59.1% of the hectarage and 48.6 % of the world's 
production. In Asia, it is chiefly grown in China, India and Pakistan. Among 
the 7 Asian countries, China and India together contributes 95.4% of total 
hectarage and 96.7% of production of rapeseed and mustard. India alone 
contributes 28.3% hectarage and 19.8% production of the Asian countries. The 
projected demand of oilseeds in India is around 34 million tonnes by 2020, of 
which about 14 million tonnes is to be met by rapeseed-mustard (Yadava and 
Singh, 1999). 
In India, the rapeseed-mustard is the most important oilseed crop 
accounting around 25% of total oilseed production and the oil obtained 
accounts for two third edible oil consumption in the country. It is estimated that 
about 90% of domestic production of rapeseed-mustard is crushed for 
extracting edible oil, which is mostly traded and consumed in northern, eastern, 
north eastern and central India. The recently promoted 'canola' quality hybrid 
rapeseed namely 'Hyola' has a good potentiality as a profitable enterprise for 
farmers as it gives a higher yield, more oil content, good export quality and an 
assured market. Besides, the utilities of oil obtained from rapeseed-mustard, the 
seeds, sprouts, leaves, tender plants are also usefijl to human health when they 
are consumed as spices and vegetables. They contain selenium, calcium, 
magnesium, iron, phosphorus, zinc, magnesium, manganese, etc. 
The productivity rate of rapeseed-mustard is considerably low in 
comparison to other countries such as Algeria, France and Canada. There are 
indeed, multitudes of factors which are responsible for a lower productivity and 
yield declines. Among major constraints, the occurrence of diseases and insect 
pests appears to be an important factor which have restricted fast expansion of 
its cultivation and abate productivity of these crops. There are about thirty 
diseases, which are reported to occur on this crop and of these very few are of 
economic importance (Kolte, 1985; Rajak, 1999; Mukerji et al, 1999; Hegde, 
2002). Among these, Altemaria blight is considered as of major consequences 
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on the basis of their wide distribution and yield losses caused to Brassica spp. 
world over including India (Kolte, 1987; Khan et al., 2010). This disease is 
caused by three species of Alternaria viz., A. brassicae (Berk.) Sacc, A. 
brassicicola (Schw.) Wilts, and A. raphani Groves and Skolko, however, 
former two species are principal causal pathogens of the disease. They are 
widespread in occurrence and destructive in nature causing significant damage 
to rapeseed-mustard production throughout the country. 
The disease is characterized by formation of lesion on leaves, stem and 
siliquae. Nevertheless, lesions produced by A. brassicae appear usually as gray 
compared to the black sooty velvety spots produced by A. brassicicola. Spots 
of ^. raphani show distinct yellow halos around them (Kolte, 1985; Mukerji et 
al, 1999). Besides leaf infection reducing the photosynthetic area, the infection 
also leads to deteriorate the quality of the seeds i.e., seed size, seed colour, oil 
contents and germination capability (Randhawa and Aulakh, 1981; Khan et al., 
2010). The disease may cause yield loss of upto 46-47% in yellow sarson and 
35-38% in mustard but in susceptible cultivars the losses may be as high as 
upto 70% (Kolte, 1985; Saharan, 1991; Vishwanath and Kolte, 1997, Prasada 
e/a/., 2003). 
The pollutants may (a) prove toxic to pathogen and suppress its 
pathogenicity, thus protecting the plant against the plant pathogens, (b) pre-
dispose the host plant to greater invasion and damage by the pathogens, or (c) 
may act on plant independently without affecting the efficiency of the 
pathogens (Khan and Khan, 1993b). 
Critical analysis of the information available on pollutant-pathogen 
interaction has revealed that the investigations carried out on the aspect are 
inadequate to ascertain the effect of air pollutants on plant diseases. In India, a 
similar situation of coexistence of SO2 and plant pathogenic fungi exists in 
fields around coal fired industries and other SO2 sources. Some studies have 
revealed both inhibitory and stimulatory effects of air pollutants on plant 
pathogens. Hence, this aspect of research was taken under the Ph. D. 
programme to examine and ascertain the effect of SO2 on the leaf blight of 
mustard caused by A. brassicae or A. brassicicola and vice versa. It was 
intended to know whether the Alternaria blight becomes suppressed or 
intensified in SO2 polluted environment, and is there any effect of fungal 
infection on sensitivity of plants to SO2? Following experiments were 
conducted to achieve the above objectives, 
i. Evaluation of performance of different methods of inoculations with 
Alternaria brassicae and^. brassicicola on Indian mustard, 
ii. Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against Alternaria brassicae. 
iii. Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against Alternaria brassicicola. 
iv. Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against intermittent exposures of sulphur dioxide at 25, 50 and 
75 ppb. 
V. Effect of intermittent exposures of 25, 50 and 75 ppb SO2 on the 
development of Alternaria blight caused by Alternaria brassicae on 
germplasm of Indian mustard, 
vi. Effect of intermittent exposures of 25, 50 and 75 ppb SO2 on the 
development of Alternaria blight caused by Alternaria brassicicola on 
germplasm of Indian mustard. 
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mcvo of titctatnu 
Review ofHitemture 
Air is an important and vital resource for the sustenance as well as 
development of every living organism (Table 1). The composition of its minor 
constituents often varies as a result of the emission or contaminants from 
various activities. Environmental pollution is a direct consequence of rapid 
industrialization and urbanization which is associated with increased demand 
for energy and technological limitation on the emission control (Shen et al, 
1995; Feng, 2000; Khan and Khan, 2000; Emberson et al, 2001; Yang et al, 
2002). A huge amount of toxic materials originating from different kinds of 
industries and other human activities are released into air, which ultimately 
impure the atmosphere (Table 2). In the developing countries including India, 
sulphur dioxide (SO2) is one of the most prevalent phytotoxic gaseous 
pollutants released due to combustion of fossil fuels (Khan and Khan, 1993a; 
Gupta et al, 1993, Kumar and Singh, 1985) and causes disorders in plants with 
specific symptoms (Varshney and Garg, 1979; Khan and Khan, 1993b). The 
gas at low concentration, however, can stimulate physiology and growth of 
plants, especially in plants growing in sulphur deficient soil (Darrall, 1989) 
where the sulphate might be metabolized to fulfill the demand for sulphur as a 
nutrient (De Kok, 1990). Increased uptake of SO2, causes toxicity and reduces 
growth and productivity of plants due to accumulation of sulphite or sulphate 
ions in excess (Darrall, 1989; Agarwal and Verma, 1997; Cape et al, 2003). 
Sources of sulphur dioxide 
A number of natural and anthropogenic sources release SO2 into the 
atmosphere. The primary source of SO2 are volcanoes and biomass burning, 
while the main anthropogenic sources of SO2 are burning of fossil fuels, metal 
smelting and processing of oil and natural gas (Cullis and Hirschler, 1980; 
Brimbiecombe et al, 1989; Cape et al, 2003; Hundiwale et al, 2003). 
Together natural and anthropogenic sources emit an estimated 194 million 
tonnes SO2 per annum, of which 83% is due to fossil fuel combustion (Watsan 
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et al., 1990). Although considerable progress has been made in the 
development and implementation of SO2 control technologies in North 
America, Europe and Japan, ambient SO2 concentrations are still a significant 
problem in many parts of the world including India (Yunus et al., 1996: Innes 
and Haron, 2000; Khan and Khan, 2000). 
Nearly two-third of the total mined coal is burnt in thermal power 
stations to generate electricity in India and other developing countries. The 
burning of coal liberates high concentrations of oxides of sulphur and nitrogen 
into the environment. The ambient concentration of SO2 varies with the 
distance from the source and direction of wind. The surrounding environment 
of approximately 10-20 km diameter may experience much higher 
concentrations of SO2 (Table 2). Khan and Khan (1994a, 1994b) recorded 169-
298 //g SO2 m"^  at a site 2 km away from a coal fired power plant in the usual 
wind direction (Tripathi and Dwivedi, 2002; Rao et al, 2005; Wagh et al, 
2006; Sharma et al, 2005; Mandal, 2006; Dwivedi andTripathi, 2007). 
Table 1. The chemical composition of clean dry atmospheric air 
Gases 
Nitrogen 
Oxygen 
Argon 
Carbon dioxide 
Neon 
Helium 
Methane 
Hydrogen 
Krypton 
Xenon 
Nitrogen dioxide 
Ozone 
Sulphur dioxide 
Concentration by 
(%) 
78.09 
20.95 
0.93 
0.032 
0.0018 
0.00052 
0.00012 
0.00005 
0.00005 
0.000008 
0.000002 
0.000001 
volume 
(ppm) 
780,900 
209,500 
9,300 
320 
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5.2 
1.2 
0.5 
0.5 
0.08 
0.02 
0.01 to 0.04 
0.001 to 0.01 
Source: Environmental Hazards Plants and People, Iqbal et al, 2000b 
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Table 2. Amounts of gaseous and particulates pollutant in clean air and 
polluted air 
Pollutant 
Carbon dioxide 
Hydrocarbons 
Carbon monoxide 
Sulphur dioxide 
Nitrogen oxides 
Particulates (//g m"'') 
Clean air (ppm) 
310-330 
1.0 
<1.0 
0.001-0.01 
0.001-0.01 
10-20 
Polluted air (ppm) 
350-700 
1-20 
5-200 
0.02-2.0 
0.01-0.5 
70-700 
Source: Environmental Hazards Plants and People, Iqbal et al, 2000b 
According to Finlayson-Pitts and Pitts (1986), typical peak ambient SO2 
concentrations vary from < 1 ppb (< 2.6 //g m"^ ) in remote areas to 1-30 ppb 
(2.6-78.6 ng m'^ ) in rural areas and 30-200 ppb (78.6-524 //g m'^ ) in 
moderately polluted areas and to 200-2000 ppb (524-5240 //g m'"*) in heavily 
polluted areas. According to CPCB, New Delhi, permissible level of SO2 for 
agricultural areas is 50 //g m' for annual and 80 //g m" for 24 h means (Table 
3). Once emitted, SO2 is transferred from the atmosphere onto surfaces by 
diffusion (dry as well as wet deposition) at variable rates which are strongly 
influenced by meteorological conditions. It is also important to note that SO2 in 
the atmosphere is also transformed to SO4" at variable rates, and these SO4" 
particles are deposited onto surfaces by Brownian motion (dry deposition) and 
Table 3. National ambient quality standard for Sulphur dioxide (SO2) 
SO2 (;/gm-') 
Time weighed Average 
Industrial,Residential, Rural 
and other areas 
Ecologically sensitive areas 
(notified by central Govt.) 
Methods of measurement 
Annual 
50 
20 
Improved west and 
Gaeke 
24 Hours 
80 
80 
Ultraviolet 
fluorescence 
Source: Central Pollution Control Board-2009, India 
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by precipitation (wet deposition). Any observed foliar injury or clianges in 
plant growth and productivity due to SO2 exposures are the resuh of dry/wet 
deposition and subsequent uptalce of sulphate and sulphite ions in the leaf tissue 
and their uptake by plants (Barret and Benedict, 1970). 
Effects on Plants 
Visible injury 
Sulphur dioxide when present at higher concentrations causes foliar injury in 
plants. The gas is diffused in plants through open stomata and reacts with 
moisture to produce sulphite ions (Barret and Benedict, 1970). If formation of 
sulphite ions is slow they are oxidized to sulphate ions and utilized by plants. 
However, excess accumulation of sulphite and sulphate ions is toxic to plants 
(Pell, 1979). The sulphite ions are about 30 times more toxic than sulphate ions 
(Thomas et al, 1943). Two general types of markings or symptoms designated 
as chronic and acute are produced by the plants due to the accumulation of 
sulphite ions in the leaf tissue. If the rate of accumulation of the ions is slow 
the cells oxidize the sulphite ions and injury occurs until sufficient sulphate 
ions accumulate. This type of chronic injury is characterized by a general 
chlorotic appearance of the leaves. Cells are not killed but the chlorophyll is 
bleached which appears as a mild chlorosis or yellowing of the leaf or a 
silvering or bronzing of the lower leaf surface without necrosis (Darlky and 
Middleton, 1966). Acute injury results from the absorption of lethal quantities 
of SO2. It appears as marginal or intercostal areas of dead tissues, which are at 
full grayish green water soaked in appearance. In most plant species, these 
areas become bleached in original colour, upon drying, and dead or necrotic 
areas may fall out leaving a ragged appearance to the leaf In case of severe 
injury abscission layer develops at the base of petiole and the leaves fall down 
(Jacobson and Hill, 1970). 
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Seasonal variation in the sensitivity of plants to SO2 also occurs 
(Cormis, 1973). The physiological status and age of the plants are other 
important factors in this respect (Tom and Cowling, 1976). Low concentration 
of SO2 reduces the net photosynthesis in plants. However, short and long 
exposure duration increase the rate of transpiration and dark respiration 
(Takomoto and Noble, 1982; Saxe, 1983a and 1983b). 
Khan and Khan (1991) conducted an experiment to determine the 
impact of air pollutants emanating from the thermal Power plant Kashimpur, 
Aligarh on tomato at two polluted sites viz., 1 (Kl) and 2 (K2) km away from 
the stack and recorded higher concentration of SO2 and NO2 at a site 2 km 
away from stack, while suspended particulate matter (SPM) was greater at the 
site closer to the power plant. Foliar injury symptom like browning and 
chlorosis, suppressed growth, yield and leaf pigment content were greater at 
K2. Decrease in flowering, fruits setting, size and weight and alterations in 
number and size of stomata and trichomes were also observed in the plants 
grown at this site. 
Shaw et al. (1993) reported the effects of 34 and 58 //g SO2 m"^  on 
needle necrosis in Scots pine {Pinus sylvestris L.) during the fumigation period 
of the Liphook Forest Fumigation Project. Regression analysis indicated that 
the appearance of foliar injury was related to the mean SO2 concentration 
during a critical growth period although injury did not become visible until 5 
weeks later. SO2 at 58 //g m"^  caused foliar injury to a greater number of trees 
in 2 of the 3 survey years and foliar injury appeared on the same trees in 
consecutive years suggesting that the sensitivity was genetic. A subsidiary 
fumigation chamber experiment was performed to see if the injury symptoms 
observed in the field could be duplicated. Exposure to 655, 1,310 and 2,619 /^ g 
SO2 m"^  for 4 hours on Scots pine seedlings produced no effects in any 
treatment. It was suggested that this may have been due to a low replicate 
number resulting in a few plants at the most sensitive stage of growth, and/ or 
low humidity during fumigation. Intermittent exposure of tomato (cv. Pusa 
Ruby) to SO2 at 286 //gm'^  (3h every third day for 75 days) induced slight 
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chlorosis of leaves, however, considerable chlorosis with browning developed 
on the foliage at 571 //g SO2 m"^ . Symptoms were more pronounced and 
appeared earlier on SO2 exposed plants infected with Meloidogyne incognita 
race 1 especially in post and concomitant inoculation exposure (Khan and 
Khan, 1993a). 
Clapperton and Reid (1994) screened genotypes of timothy (Phleum 
pratense) for SO2 sensitivity in experiments conducted in closed fumigation 
chambers. In the first experiment, plants were exposed to 393 to 524 fig SO2 
m" or 3 weeks, the plants developed chlorotic areas, browning and necrosis of 
the leaves. In a second experiment, plants exposed to 170 /^ g SO2 m'^  and the 
experiment was terminated when plants showed the first sign of damage in two 
weeks. Plants were considered tolerant when they exhibited no signs of visible 
injury and no significant decrease in shoot or root dry weights compared to 
unexposed plants. Foliar and flower injury occurred in Calendula ojficianalis 
(Padhi et al, 1995) and Zinnia (Rath et al, 1995), and the intensity of 
symptoms increased with SO2 concentration and duration of exposure. Rakwal 
et al. (2003) observed distinctive reddish brown necrotic spots and interveinal 
browning appeared on the leaf surface of rice seedling cv. Nipponbare after 
exposure to SO2 over control, partly reminiscent of the hypersensitive reaction 
lesions. Intermittent exposure of SO2 at 200 and 300 //g m" caused chlorosis of 
the leaves of pumpkin with or without inoculation of M javanica. A mild 
chlorosis appeared only in the infected plants at 100 //g SO2 m" (Khan et al., 
1995). Sulphur dioxide (0.1 ppm) induced foliar chlorosis on two cultivars of 
cowpea viz., V-38-1 and V-218 which appeared earlier in the presence of root 
knot nematode (M incognita) (Khan and Khan, 1996a). 
Sulphur uptake and plant sulphur content 
Sulphur is prominently taken up by the roots in the form of sulphate ions 
(De Kok et al, 2002, 2005). Sulphate is transported to the shoot through 
xylem, where it gets reduced in the chloroplast prior to its assimilation into 
organic sulphur compounds. First the sulphate is activated by ATP to APS 
23 
(adenosine 5' phosphosulphate), catalyzed by TP sulphurylase and 
subsequently reduced by APS reductase to sulphite and then to sulphide by 
sulphite reductase. The sulphide is incorporated into cysteine by 0-acetyl-L-
serine (thiol) lyase. Cysteine is used as sulphur donor for the synthesis of 
methionine and both amino acids are incorporated into proteins. Cysteine is 
also the precursor for several other sulphur compounds including glutathione 
(De Kok et al, 2002, 2005). The sulphate uptake by the roots and its transport 
to the shoots is mediated by specific sulphate transporters (Hawkesford and 
Wray, 2000). The regulation and expression of sulphate transporters is 
controlled by the plant's sulphur nutritional status (Buchner et al, 2004). 
Sulphate itself or a metabolic product of sulphate assimilation, such as cysteine 
or glutathione etc. may be involved in the regulatory control of uptake and 
transport of sulphate. Despite of being highly toxic, the effect of SO2 on plants 
is ambiguous, as a part of it is metabolized and utilized by the plants (De Kok, 
1990: Wilson and Murray, 1990; Van der Kooij et al, 1997; Stulen et al, 
1998). The absorbed SO2 in the mesophyll cells of the shoot may enter the 
sulphur reduction pathway either as sulphite or sulphate. Excess SO2 is 
transferred into the vacuole as sulphate, where it is slowly metabolized (Cram, 
1990; Clarkson et al, 1993). Even at relatively low atmospheric concentrations 
SO2 exposure results in an enhancement in the sulphur content of the foliage 
because of accumulation of sulphate in the vacuole (De Kok, 1990; De Kok 
and Tausz, 2001). 
It is evident that in addition to sulphate taken up by the roots plant are 
able to metabolize sulphur gases, H2S and SO2 by the shoot (De Kok, 1990; De 
Kok et al, 1998; Buchner et al, 2004). The gaseous sulphur enters the shoot 
via open stomata, since the cuticle is impermeable to the gas (Lendzian, 1984). 
The rate of uptake depends on the stomatal and mesophyll conductance and the 
atmospheric concentration. The mesophyll conductance towards SO2 is very 
high since SO2 is highly soluble in the aqueous phase of the mesophyll cells (in 
either apoplast or cytoplasm). Furthermore it is rapidly hydrated/dissociated 
yielding bisulphite and sulphite ions (SO2 + H2O ^ H^ + HSO -^ ->2 H^ + 
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SOs "), which either may be reduced in the chloroplast or are enzymatically or 
non-enzymatically oxidized to sulphate (De Kolc, 1990; De Kok and Tausz, 
2001). The stomatal conductance is generally the limiting factor for the foliar 
uptake of SO2, which is reflected by a nearly linear relationship between the 
uptake and the atmospheric SO2 concentration (Tausz et al., 1998; Van der 
Kooij et al., 1998; De Kok and Tausz, 2001). 
Clarke and Murray (1990) studied the effects of long-term SO2 exposure 
on growth and development of Eucalyptus rudis Endl. The plants were exposed 
to 132 and 274 [xg SO2 m"^  for 8 h day"' in open-top chambers, for 17 weeks. 
There was no effect on S content at the lower concentrations but SO2 at 274 //g 
m"^  significantly increased sulphur content of leaves. 
Agrawal and Singh (2000) studied six species of tropical trees from a 
low rainfall area along a pollution gradient (seasonal average of 49 to 233 //g 
SO2 m"^ ) around two coal-fired power plants in India. The focus of the study 
was to determine the effects of the power plant emissions on the nutrient status 
of trees. Two species of evergreens trees (mango, Mangifera indica; 
eucalyptus. Eucalyptus hybrid) and four species of deciduous trees (guava, 
Psidium guajava; cassod tree. Cassia siamea; flame-tree, Delonix regia; 
bougainvillea, Bougainvellea spectabilis) were studied. Total foliar sulphur 
content was higher in all six species at the most exposed location compared to 
the reference location. In deciduous species there was a greater increase in the 
foliar sulphur content after the emergence of new leaves possibly due to 
translocation of sulphur from woody plant parts. Wahab and Yaghi (2004) 
assessed the sensitivity of Prosopis ciceraria, Azadirachta indica and Phoenix 
dactilifera in the vicinity of an oil refinery on the basis of sulphate 
accumulation. The plants responded differently to SO2 exposure but maximum 
sulphate accumulation and injury was recorded in the plants grown in close 
vicinity than the distant ones. 
In an attempt to assess the critical level of SO2 in the air which would 
cause adverse effects on vegetation, Manninen and Huttunen (1995) examined 
total sulphur content in needles of Scots pine {Pinus sylvestris L.) growing at 
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ambient SO2 levels. Monthly mean concentrations ranged from 10 to 100 //g 
SO2 m"^  in 1980, 8 to 61 ^g SO2 m"^  in 1985 and 0 to 95 a^g SO2 m"^  in 1989. 
They found significant correlations between total sulphur content of the two 
youngest age-classes of needles (7 and 19 months) and the monthly mean and 
daily mean ambient SO2 concentrations. A linear relationship between total 
needle sulphur content and the extent of cuticular damage on current year 
growth and 12-month-oId needles was recorded. 
The Liphook Forest Fumigation Project was established to determine the 
effect of long term exposure of tree species to SO2 and O3 under field 
conditions. Sulphur and nutrient accumulation in needles of Sitka spruce (Picea 
sitchensis Bong. Carr.), Scots pine {Pinus sylvestris L.) and Norway spruce 
(Picea abies L. Karst.) was evaluated in plants exposed to 34 or 58 fig SO2 m'^  
for 43 months and 1.3 times the ambient ozone concentration from spring to 
December of each year (Shaw and McLeod, 1995). In all three species, both the 
SO2 concentrations resulted in increased sulphur content and ratio of sulphur to 
cations in needles. 
Chinese cabbage is highly susceptible to sulphur dioxide as a linear 
relation between the rate of uptake of SO2 and the atmospheric concentrations 
(0.03-1.4 ft] r ') (Yang et al, 2006). Biomass of cabbage was reduced upon 
prolonged exposure to > 0.1 //I T ' SO2. The gas exposure resulted in an 
increase in the S04^~, water-soluble non-protein thiols and total S content of the 
shoot at concentrations > 0.1 //I f'; however, the ratio of organic S to total S 
remained unaffected. The organic N content was not affected by SO2 exposure. 
The impact of SO2 on Chinese cabbage seemed to be ambiguous; the SO2 taken 
up by the shoot also served as a source of S for growth and was even beneficial 
when S04^" supply to the root was deprived. A 5-day exposure of plants to 
0.06-0.18 //I SO2 r ' resulted in an alleviation of the development of S 
deficiency symptoms upon 864^' deprivation. An atmospheric SO2 level as 
low as 0.06 jA f' appeared to be sufficient to cover the plants' S requirement 
for growth. The N/S ratio of shoot and root was much lower in S04 "^ sufficient 
plants than in S04^' deprived plants. Exposure of S04^~ deprived plants to SO2 
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resulted in a decrease in the N/S ratio of the shoot but did not affect that of the 
root. The N/S ratio of the shoot decreased with increasing SO2 levels as a 
consequence of the increase in total S and S04^" content. In contrast, the N/S 
ratio of shoot and root of S04^~ sufficient plants were not significantly affected 
upon exposure to 0.06-0.18 fxl SO2 f'. S04^~ deprivation resulted in a shift in 
shoot to root biomass partitioning during growth in favour of root production, 
which was not rapidly alleviated when SO2 was used as S source for growth. 
Brychkova et al. (2007) observed that SO2 readily reacted with water to 
form sulphite ions that impact deleteriously on plant health. By modulating the 
level of sulphite oxidase (SO) that catalyzes the transformation of sulphites to 
the non-toxic sulphate, and they showed that Arabidopsis and tomato plants can 
be rendered resistant or susceptible to S02/sulphite. Plants in which sulphite 
oxidase expression was abrogated by RNA interference (RNAi) accumulated 
relatively less sulphate after SO2 application and showed enhanced induction of 
senescence and wounding associated transcripts, leaf necrosis and chlorophyll 
bleaching. In contrast, SO over expression lines accumulated relatively more 
sulphate and showed little or no necrosis after SO2 application. The transcript 
of sulfite reductase, a chloroplast-localized enzyme that reduces sulphites to 
sulphides, was shown to be rapidly induced by SO2 in a sulphite oxidase-
dependent manner. Transcripts of other sulphite-requiring enzymatic activities 
such as mercaptopyruvate sulphur transferases and UDP-sulfoquinovose 
synthase 1 were induced later and to a lesser extent, whereas SO was 
constitutively expressed and was not significantly induced by SO2. The results 
imply that plants can utilize sulphite oxidase in a sulphite oxidative pathway to 
cope with sulphite overflow. 
Dwivedi et al. (2008) reported the effect of ambient SO2 on sulphate 
accumulation in plants. They reported that a positive correlation between 
ambient sulphur dioxide and sulphate in the leaves. Amount of sulphate in 
leaves showed positive correlation with sulphur dioxide in air during the study. 
A marked reduction of sulphate content in leaf was found during October when 
reduction in ambient air sulphur dioxide. 
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Effects on Plant Physiology 
Photosynthesis 
Several studies have been conducted to measure the effect of SO2 on metabolic 
processes in plants that can affect photosynthesis and other related processes 
such as stomatal conductance, photochemical efficiency, carbon dioxide 
assimilation, chlorophyll content, dark respiration and carbohydrate 
metabolism. 
The effect of SO2 on photosynthetic carbon metabolism in winter barley 
(Hordeum vulgare L.) cv. Igri were investigated by assaying the activity of key 
enzymes in carbon fixation and sucrose synthesis in a 2-year field experiment 
at Littlehampton, U.K. (Montiel-Canobra et al, 1991). The crop was exposed 
to ambient (18 //g m"^ ), 73, 100 and 126 /^ g SO2 m"' in an open air fumigation 
system. In the first year of the study samples were collected from the ambient 
and 126 //g SO2 m'^  treated plants while in second year samples were collected 
from ambient, medium and high SO2 exposure levels. Significant reductions in 
fiag leaf area (20%) and dry weight of flag leaves (23 and 21%) recorded in the 
1st and 2nd seasons, respectively. There was also a delay in flag leaf 
emergence. The reduction in size and weight of flag leaves restricted grain 
filling due to a reduction in photosynthate production. Exposure to the highest 
SO2 treatment in each growing season (100 and 126 //g m"\ resulted in a 
significant reduction in fructose-1, 6-bisphosphatase (FBPase) activity in post-
anthesis period. Reduction in FBPase activity affected photosynthetic carbon 
partitioning in leaves, assimilate distribution, and export of fixed carbon to 
developing tissues. There was no significant treatment effect on chlorophyll 
content, phospho-ribulokinase (PRK), NADP-dependent glyceraldehyde-
phosphate dehydrogenase (NADP-GPD) or phosphoglycerate kinase (PGK) in 
either of the two growing season. 
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Lorenzini et al. (1995) evaluated the gas-exchange response of two-
year-old seedlings of oak (Quercus pubescem Wild.) and Turkey oak {Quercus 
cerris L.) on exposure to 73, 160 and 244 /ug m'^ SO2 for 23 weeks, in 
fumigation chambers. After 11 weeks of exposure a significant decrease in 
photosynthetic activity, stomatal conductance, transpiration rate, and water use 
efficiency was noticed. In addition, the vapour pressure deficit increased with 
increasing SO2 concentration, but the internal/ambient CO2 ratio was not 
affected. For Q. cerris there was a significant linear decrease in photosynthetic 
activity, vapour pressure deficit, and water use efficiency, but stomatal 
conductance and transpiration rates remain unaltered. The internal/ambient 
CO2 ratio increased by 15% at 244 /ug SO2 n\\ At the end of experiment (23 
weeks), tree height and leaf area remained unaffected in either species; 
whereas, foliar starch and total S content increased linearly with SO2 
concentration (up to four times more than controls with no visible injury 
symptoms). Leaf dry weight decreased linearly in Q. cerris with increase in 
SO2 concentration. The differential response was attributed to the intra generic 
variability of physiological response to SO2. 
Veeranjaneyulu et al. (1991) used photo acoustic techniques (detection 
of heat and photosynthetic O2 pulses from leaves) to study responses of sugar 
maple (Acer saccharum) to 131 and 5238 //g SO2 m"\ 02-evoiution and energy 
used in photosynthesis (PES) increased by 65 and 24%, respectively at 131 //g 
m"^  SO2, corresponding values at 5238 //g SO2 m"^  were 50 and 22% over 
controls. It was concluded that the enhanced O2 evolution and PES observed at 
the lowest concentration was a result of detoxification of SO2, which in turn 
stimulated photosynthetic electron transport and that the higher SO2 
concentrations inhibited this electron transport and reduced O2 evolution and 
PES. 
In order to determine the effect of airborne pollutants, SO2, copper, and 
nickel on the photosynthetic efficiency of natural forests, Odasz-Albrigtsen et 
al. (2000) studied 16 sites along a pollutant gradient. Ambient SO2 
measurements for 1989 to 1992 were modelled by the Norwegian Institute of 
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Air Research to cover the entire region (100x100 m grid). Mean SOo 
concentration ranged from 30 //g m'^  (7 km from smelters) to non detectable 
level (386 km away from smelters). Concentrations of Ni and Cu, measured at 
ground level were highest 7 km from the smelter (8.0 and 5.0 mg m\ 
respectively. Both metals were absent at the control site. Chlorophyll 
fluorescence was measured in the field and photosynthetic efficiency was 
estimated using these measurements. Results showed that photosynthetic 
efficiency was lower near the smelters; but no visible injury was recorded. 
Photosynthetic efficiency was reduced in more than 50% of species; only six 
species exhibited a weak but significant correlation between photosynthetic 
efficiency and SO2 levels. The six species were: birch (Betula pubescens 
Ehrh.), bilberry {Vaccinium myrtillus L.), crowberry {Empetrum 
hermaphroditum Hagerup), Branch lichen (Hypogymnia physodes L.), ground 
lichen {Cladina spp.) and snow-level lichen {Parmelia olivacea (L.) Ach.). 
Pine (Pirns sylvestris L.) exhibited no decrease in photosynthetic efficiency 
due to mitigation of pollution by upper branches (measurements were taken 
from the lower canopy). Photosynthetic efficiency of all lichen species were 
inversely related to Ni and Cu deposition. 
To determine the effect of SO2 on chlorophyll content, Panigrahi et at. 
(1992) exposed 20, 40, 60, 80 and 100 days old rice {Oryza saliva L.) and 15, 
30, 45 and 50 days old mung bean (Phaseolus aureus R.) cv. Dhauli to 655 to 
5,240 ptg SO2 m"^  for 6 to 48 h. Chlorophyll content in rice and mung bean 
decreased by 20 and 40% at 655 and 1,310 ftg SO2 m\ respectively. The 
decrease was directly related to the exposure period. Exposure to 5,240 pig SO2 
•1 
m level resulted in almost complete destruction of chlorophyll. It was 
concluded that a decrease in chlorophyll leads to a decrease in growth 
parameters including biomass, productivity and yield. 
In a study designed to examine changes in leaf gas exchange resulting 
from SO2 exposure, Gerini et al. (1990) exposed maize {Zea mays L.), in 
fumigation chambers to 113, 186 or 291 //g SO2 m'^  for 4 weeks. A 20% 
decrease in photosynthetic activity was observed in plants exposed to 113 and 
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186 //g SO2 m'l The photosynthetic activity was decreased by 10% at 291 //g 
SO2 m'^  compared to control plants. Stomatal conductance, transpiration rate, 
and intercellular/ambient CO2 were enhanced at the lowest SO2 treatment, but 
decreased to near control levels at 291 fzg SO2 m"^  treatment. In contrast, water 
use efficiency and CO2 assimilation rate declined at the lowest concentration 
then increased at the higher SO2 levels but not back to control levels. Sulphur 
dioxide levels used in the study were representative of ambient SO2 levels 
observed in the environment. The decrease in photosynthetic activity was 
attributed to reduced mesophyll assimilation capacity. Stomatal effects were 
ruled out as stomatal conductance and intercellular CO2 were enhanced at these 
levels of SO2. 
Darrall (1991) utilized an open-air fumigation system to examine the 
effects of SO2 at ambient, low (100 fig), medium (113 fig) and high levels (126 
fig) on photosynthesis, dark respiration, transpiration, stomatal conductance, 
and internal CO2 concentration and correlated the changes with grain yield in 
winter barley, Hordeum vulgare cv. Igri. Experiments were conducted for 3 
years and the SO2 concentrations varied within each year. The average 
concentrations for the highest SO2 treatment, for each year were 100, 113, and 
126 fig m' . The gas significantly increased net photosynthesis on some 
occasions, significant decreases were frequently observed. Most of the 
photosynthetic changes were transient and were attributed to simultaneous 
changes in stomatal conductance and transpiration. Dark respiration was 
significantly enhanced at 84 and 113 fig SO2 m'l It was concluded that 
increase in dark respiration could have resulted from enhanced detoxification 
and repair processes. No significant effect on grain yield or total plant weight 
occurred as a result of SO2 treatment. Powdery mildew infestation on the lower 
leaves of the plants was also occurred, which may have affected the results of 
the experiment. 
Ranieri et al. (1999) investigated long-term exposure of barley cvs. 
Panda and Express to 210 //g m"^  SO2, in a greenhouse, to establish whether 
negative impacts of SO2 could be linked to specific changes in the 
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photosynthetic apparatus. Exposure for 75 days did not result in visible injury 
to either cultivar, photosynthetic activity decreased by 29 and 49% in cultivars 
Panda and Express, respectively. Stomatal conductance was reduced by 56 
(Panda) and 58% (Express), and whole electron transport chain activity v/as 
reduced by 27 (Panda) and 29% (Express). There were 7 and 11% and 18 and 
24% reduction in electron transport activities of photosystem I and II in cv. 
Panda and Express, respectively. Chlorophyll a decreased by 44 (cv. Panda) 
and 10% (cv. Express), while the corresponding decrease in carotenoids was 46 
and 10%. Pigment-protein complexes from thylakoid membranes did not show 
any qualitative or quantitative differences between control and SO2 exposed 
plants. 
Swanepoel et al. (2007) investigated the effect of SO2 treatments (1.3 
and 0.6 ppm), administered under controlled growth conditions on potted plants 
of Augea capensis Thumb, a succulent exhibiting C3 mode photosynthesis. The 
effects on photosynthesis were assessed by means of CO2 assimilation and 
chlorophyll a florescence measurements. The study revealed that the inhibitory 
effects on photosynthesis were induced only when SO2 fumigation occurred in 
the dark. An inhibition of 38% and 62%) in carboxylation efficiencies and CO2 
saturated rates of photosynthesis were observed. However, these effects only 
occurred at the highest concentration and were fully reversible, indicating no 
permanent metabolic damage. Only minor effects on photosystem II were 
observed, indicating that photochemical reactions were not the primary site of 
inhibition. Cellular capacity for SO2 detoxification differs during day and night. 
Stomatal conductance and transpiration 
Any alteration in the gaseous composition of the atmosphere affects terrestrial 
plants (Mansfield, 1998). In most cases stomata are affected worst by the 
environmental pollution. Evolution has provided highly complex mechanisms 
by which stomata respond to a wide range of environmental factors to balance 
the conflicting priorities of carbon gain for photosynthesis and water 
conservation. These mechanisms involve direct responses of the guard cells to 
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aspects of the aerial environment, and hormonal communication within the 
plant enabling conductance to be adjusted according to soil moisture status. 
Various aspects of these delicately balanced mechanisms can be disturbed by 
air pollutants (Mansfield, 1998). 
Stomata are the main avenues for the diffusion of gases and water 
vapour in plants. Any factor which influences stomatal conductance is likely to 
affect plant water relations as well as diffusion of carbon dioxide and oxygen. 
Sulphur dioxide exerts a marked influence on the stomatal conductance 
(Mansfield, 1998). 
Sulphur dioxide induced stomatal opening have great physiological and 
ecological implications. Although the precise mechanism of sulphur dioxide 
control is not known it seems certain that maximum damage to plants occurs 
when the stomata are open. Prolonged opening of stomata results in excessive 
loss of water through transpiration. Consequently, the water requirement of 
plants in the polluted areas will be relatively greater. Any condition that 
promotes stomatal opening will enhance sulphur dioxide diffusion and damage; 
whereas any factor which can nullify SO2 induced stomatal opening may 
provide protection against the gas injury. High or humidity and fog increase the 
sensitivity of plants to the gas and promote the formation of acidic mist. Under 
such conditions, stomata remain open for longer periods, permitting greater 
diffusion of sulphur dioxide and other air pollutants into the leaf (Varshney and 
Garg, 1979). 
It has been observed that exposure of fully hydrated 5 week-old broad 
bean (V. faba) leaves to sulphur dioxide at 40% RH and 18T promoted 
stomatal opening, thereby promoting greater diffusion of sulphur dioxide into 
the leaves (Majernik and Mansfield, 1972). The rate of stomatal opening in 
light is faster in SO2 treated plants than in untreated plants. The size of stomatal 
aperture in the gas treated plants is considerably larger, and the stomata take a 
relatively longer time for complete closure in the dark. The stimulatory effect 
of 1 ppm SO2 on stomatal opening became irreversible after 6 h. It has also 
been observed that stomatal opening in broad bean plant at night began 1 to 2 h 
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earlier, and the stomatal width was more in the treated plants. Similar 
phenomenon was also recorded in maize, barley and several other plant species 
(Majemik and Mansfield, 1972). 
Khan and Khan (1993a) reported that exposure to SO2 decreased the 
number and size of stomata but increased the number and length of trichomes 
on both the leaf surfaces. Stomatal aperture was significantly wider in the 
plants exposed to 286 or 571 /ug SO2 m"\ Stomatal aperture was directly related 
to foliar injury and reductions in growth, yield and leaf pigments. Number and 
size of stomata in the leaves of eggplants grown at sites 1 and 2 km away from 
the SO2 source (Thermal Power Plant), were decreased but their apertures were 
wider. Number and length of trichomes were greater at the polluted sites, beign 
more on upper leaf surface (Khan and Khan, 1996b). 
Han (2001) studied the relationship between stomatal infiltration and 
SO2 injury and the protective effect of abscisic acid (ABA). The effect on 
infiltration of same species under different SO2 concentration was little less 
than one grade, while K+ efflux increased with the increase of SO2 amount 
absorbed by the leaves. Higher ABA solution concentration and the K"^  efflux 
were lower when the leaves were sprayed with ABA solution. When leaves 
sprayed with ABA solution were smoked with 2.5 mol !"' for four hours, the 
infiltration of leaves with 30 mol 1"' ABA solution dropped 1.5 - 3.0 and K"^  
concentration decreased 36.5%-54.8% on leaves. It indicates that the ABA 
solution on leaves has remarkable effect of protection of SO2 injury. 
Fifty-day-old Cichorium intybus L. plants were exposed to 1 ppm 
sulphur dioxide gas, 2 h per day for 7 consecutive days to study the stomatal 
responses of C. intybus leaves to sulphur dioxide treatment at different stages 
of plant development. Length and width of stomatal apertures on lower and 
upper epidermis were greater for leaves exposed to SO2. The Stomata were 
longer on the adaxial epidermis, but shorter on the abaxial epidermis, except at 
the pre-flowering stage. Stomatal widths varied widely. Compared with the 
controls, the abaxial epidermis on treated leaves showed consistently lower 
stomatal densities as well as stomatal indices. This was also true for the adaxial 
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epidermis during the post-flowering stage. Tlie stomatal conductance was 
reduced in tlie SOi-exposed plants, but intercellular CO2 concentrations 
increased at the pre-flowering stage and, subsequently, declined (Dhir et al. 
2001). 
Fumigations with 3.3 //mol SO2 m"^  (0.08 pX^) lead to closure of 
stomatal, decline in photosynthetic rate and stomatal conductance. SO2 
fumigation did not cause increase in stomatal conductance, even when the 
intercellular stomatal CO2 concentration was reduced by 50 //mol moP'. Rao 
and Dubey (1990) found that stomatal conductance decreased by 26 to 28% in 
Zizyphus mauritiana Lam., Syzygium cuminil L., Azadirachta indica A. Juss 
and Mangifera indica L. at the sites contaminated with of 90 //g SO2 m"^  in 
comparison to the control site. Wall et al. (2007) found that stomatal 
conductance and intercellular CO2 concentration of Calendula officinalis L. 
decreased with 0.5 ppm SO2 treatment, the reverse being the case with higher 
concentration i.e. 1.0 and 2.0 ppm. 
Leaf pigments 
The adverse effects of sulphur dioxide on photosynthesis are partly due to its 
action on photosynthetic pigments. Sulphur dioxide can react with chlorophyll 
molecules in three distinct ways: bleaching (i.e. loss of colour), 
phaeophytinization (i.e. degradation of chlorophyll molecules to 
photosynthetically inactive pigment phaeophytin), and the process responsible 
for a blue shift in the pigment spectrum as observed in lichens (Nieboer et al, 
1976). 
Prasad and Rao (1982) studied the relative sensitivity of soybean 
{Glycine max (L.) Merr.) and wheat (Triticum aestivum L.) to SO2. The study 
has revealed that amount of total chlorophyll in SO2 treated wheat plants 
increased at low SO2 doses, but this was not the case with soybean plants. 
However, at 120 and 160 ppm SO2 h"', total chlorophyll content was reduced 
by 19% in soybean and \1% in wheat. The loss of chlorophyll a was relatively 
greater than that of chlorophyll b in both the species following exposure. The 
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chlorophyll a and chlorophyll b in treated soybean plants were reduced by 21 
and 12 % at the cumulative dose of 120 ppm SO2 h' and in wheat by 19 and 
-I 14% at 160 ppm SO2 h' . The maximum reductions in the amounts of 
carotenoids i.e. 12 and 7 % were recorded in soybean and wheat plants at the 
cumulative doses of 120 and 160 ppm S02h"', respectively. 
Dhir et al. (2001) reported that photosynthetic rate was reduced in the 
SO2 exposed plants, but intercellular CO2 concentrations increased at the pre-
flowering stage and declined subsequently. Chlorophyll a, carotenoid, and total 
chlorophyll contents increased at the pre-flowering stage and then decreased. 
The level of chlorophyll b was reduced throughout plant development 
compared with the untreated controls. 
Prakash et al. (2002) reported the effect of three different concentrations 
of sulphur dioxide (320, 667 and 1334 //g m"^ ) exposure on the chlorophyll 
contents in Raphanus sativus L and Brassica rapa L. Both chorophyll a and b 
content decreased with increasing concentration, maximum decrease being at 
the highest concentration i.e. 1334 //g SO2 m"^  Chlorophyll a showed more 
reduction than chlorophyll b. 
Wang et al. (2005) reported that the effects of artificial acid rain and 
SO2 on characteristics of delayed light emission (DLE) by using a home-made 
weak luminescence detection system with the lamina of zijinghua (Bauhinia 
variegata) and soybean {Glycine max) as testing models. The results showed 
that the changes in DLE intensity of green plants reflect the changes in 
chloroplast intactness and function. It has been concluded that DLE may 
provide an alternative means for evaluating environmental acid stress on plants. 
Seedlings of maize cv. CO-1 when exposed to S02at LD50 underwent a 
significant decline in total chlorophyll, chlorophyll a and b contents and 
carotenoids (Jeyakumar et al, 2003). Wall et al. (2007) evaluated the 
anatomical and functional responses oi Calendula officinalis to 0.5, 1.0 and 2.0 
ppm SO2 and found that the high SO2 doses caused significant decline in the 
photosynthetic pigments at each stage of plant development, although 0.5 ppm 
concentration had a stimulatory effect on the leaf pigmentation. 
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Effects on the plant growth and yield 
The physiological and/or biochemical disorders induced by SO2 are finally 
manifested as the structural and quantitative alterations in plants. Since plants 
show varied response to SO2 under varied exposure conditions, the effects 
under ambient and simulated conditions are different and being presented 
separately. 
Ambient condition 
Since the first observation of a plant disease incited by an air pollutant in 
ambient condition (Cameron, 1874) many such reports have come up, but a 
general concern among scientists towards plant growth suppressive effects 
developed during 1940's. The smog injury on plant foliage in Los Angeles 
provided an impetus to the researches on phytotoxic effects of pollutants 
(Darley, 1968). The forest decline, in fact, drew the attention of 
environmentalists and researchers on the response of forest trees to sulphur 
dioxide. Haywood (1905, 1910) reported severe damage to different pine and 
oak species from smoke (primarily SO2) of a copper smelter in California. 
Sulphur dioxide from a copper smelter in British Columbia also caused severe 
damage to ponderosa pine {Pinus ponderosa Douglas), lodgeople pine {Pinus 
contorta Douglas), douglas fir {Pseudotsuga menziesii Carriere), western larch 
{Larix occidentalis Nutt) etc up to 52 miles southwards (Scheffer and 
Hedgcock, 1955). Ponderosa pine and Douglas fir grown over 5200 acre at 
Montana, USA, has shown a gradual decline. Needle necrosis and premature 
senescence are the most peculiar symptoms of sulphur dioxide damage 
(Carlson, 1974). Sulphur dioxide from copper smelters (Errington and 
Thirgood, 1971), nickel smelter (Linzon, 1966), iron sintering plant (Gordon 
and Dorham, 1963), and coal fired thermal power plants (U.S. EPA, 1971; 
Wood, 1967) etc, have significantly contributed towards the decline of forest 
trees in U.S.A and Europe. 
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Sulphur dioxide in the coal smoke may caused chlorosis and browning 
of leaves, suppress plant vigour, inhibit fruit setting and decrease the yield as 
observed on trees like Dalbergia and Psidium (Ghouse and Amani, 1978; 
Ghouse and Khan, 1978), weeds like Commelina benghalensis, Croton 
bonplandianum and Euphorbia hirta (Zaidi et ah, 1979; Mishra, 1982; Gupta 
and Ghouse, 1987), grasses such as Cynodon dactylon, C. dactylis glomerata 
and Lolium perenne (Ashenden, 1987; Khan et al, 1988), cereals such as wheat 
and barley (Lorenzini et al., 1990: Atkinson et al, 1991) and vegetables like 
tomato, okra, eggplant and curcubits (Gupta and Ghouse, 1987; Khan and 
Khan, 1991, 1994a, 1994b; Khan e/a/., 1991b). 
Garcia et al. (1998) studied response of two populations of holm oak 
{Quercus rotundifolia Lam.) to SO2. One month old potted plants were grown 
for 130 days in an atmosphere enriched with SO2 (0.23 ppm, 14 h/day) in 
growth chamber. Both northern and southern plants underwent a significant 
decrease in growth rate. The southern population was more sensitive to the 
treatment, as reflected by the bigger decrease in both growth and 
photosynthetic rates. Differences in resistance appear to be related to the 
biogeographic origin of the populations which underlines the importance of 
biogeographic aspects in studies of resistance to air pollutants. 
Abdul-Wahab and Yaghi (2004) made an assessment of the impacts of 
long term SO2 emissions from an oil refinery on three different plant species 
viz., Prosopis cineraria, Azadirachta indica and Phoenix dactilifera using 
sulphate contents of the plants as bioindicators for monitoring SO2 
concentration. The results showed that the three plant species responded 
differently to SO2 in terms of sulphate contents. All three species were found to 
be sensitive to SO2 exposure and the concentration of sulphate was found to be 
much higher in plants closer to the refiner)'. 
Simulated condition 
Numerous experiments have been conducted to examine the effect of SO2 on 
plant growth and yield. Coleman et al. (1990) presented results on the 
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variability of biomass production for wild radish {Raphanus sativus x 
raphanistrum) and cultivated radish {Raphanus sativus) cv. Cherry Belle 
exposed to 262, 629 or 1,048 //g SO2 m" in fumigation chambers with 10 h 
light period for 24, 30 or 35 days. Variability in biomass production increased 
with increase in SO2 exposure period on radish. It has been concluded that 
genetic differences between the individual plants (differential sensitivity to 
SO2) might be the reason for the increased variability as the SO2 concentration 
increased. 
Weigel et al. (1990) investigated growth and yield responses of different 
crop species to long term fumigation with SO2 in open top chambers. Potted 
plants of commercial cultivars of rape {Brassica napus L., cv. callypso), 
summer barley {Hordeum vulgare L., cvs. Arena and Hockey) and bush beans 
{Phaseolus vulgaris, cvs. Rintintin and Rosisty) were continuously exposed in 
open-top chambers to SO2 for the whole growing season. Treatments consisted 
of charcoal-filtered air (CF) and CF supplemented with four levels of SO2, 
resulting in mean exposure concentrations of approximately 8, 50, 90, 140 and 
190 /ig m' . With the exception of the 1000 seeds weight, which was slightly 
reduced, dry matter production and yield parameters of rape remained 
unaffected by all SO2 concentrations or were even stimulated. Compared to CF 
vegetative growth of both bean cultivars was reduced by 10-26% at all SO2 
levels; however, with significant effects only for cv. Rintintin. While all SO2 
additions reduced significantly the yield (dry weight of pods) of the bean cv. 
Rosisty by 17-32%. The cv. Rintintin showed a significant reduction of up to 
42% only at the two highest pollutant concentrations. Dry matter production of 
the barley cultivars was mainly impaired at SO2 concentrations > 100 /^ g m"^  
with a reduction of 30-52%. While nearly all yield parameters of cv. Hockey 
reacted similar to the dry matter production, the yield of cv. Arena was reduced 
already at the low SO2 levels. At a treatment concentration of 90 /ig SO2 m"^  a 
significant yield loss of 30% was recorded. A reduction of the 1000 grains 
weight mainly contributed to these yield losses observed for both barley 
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cultivars. It has been concluded that SO2 concentrations within the range 50-90 
fig m'^ are potentially phytotoxic to some crop species. 
Ashenden et al. (1996) conducted greenhouse studies to examine the 
effect of SO2 on growth of 41 British herbaceous species to determine whether 
the species differed in their sensitivity to SO2. Plants were exposed to a 
constant background concentration of 262 //g SO2 m'^  with peaks applied 
during daylight. During the first 4 weeks, peak SO2 concentration used was 524 
/^ g m" for 2 h, twice a week. For the next 3 weeks 786 ^g m' was applied for 3 
h, 3 times a week. Finally, for the last 3 weeks peaks of 786 //g m"^  was applied 
for 3 h, 5 times per week to maximize any growth differences between the 
tested species. There was 43% reduction in total dry matter content of different 
plants. The mean response of all 41 species was a 25% decrease in total dry 
mass. Of the seven statistically significant responses of total leaf area, there 
was an average decrease of 40%). The mean response for all 41 species was a 
decrease of 10%) in total leaf area. Leaf area ratio (total leaf area:total dry 
mass), increased by 45%) in 20 plants, and an average increase of 23%) was 
recorded for all 41 species. In 13 species an average decreases of 36%) in the 
root: shoot ratio occurred due to SO2 exposure, whereas, for all species the 
decrease was 14%). The study revealed that while there were differences in 
growth response of the species tested and the same responses may not be 
observed under field conditions because SO2 concentrations in the field are not 
expected to be as high as those used in this study. Plants growing in natural 
communities may also respond differently than plants grown in individual 
containers. Moreover, the nutrient supply in this study was non-limiting while 
in the field nutrients may be limiting and may alter responses to SO2. 
Murray and Wilson (1990) conducted an open-top chamber study to 
examine the effect of sulphur dioxide exposure on sulphur accumulation and 
alteration of growth and yield of barley {Hordeum vulgare L.) cv. Schooner. 
T 1 
Exposure to WO jug SO2 m" for 4 h day " for 79 days increased the shoot 
length and weight by 10%). This increase in the growth was attributed to 
fertilizer effect of SO2. SO2 at 317 /ug SO2 m"^  or higher, significantly 
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decreased the height, weight, number of tillers and yield of barley. These 
reductions were proportional to the concentration of the SO2 exposure. In 
addition, the shoot sulphur content increased linearly from 0.14% (control 
plants) to 0.77% at 1,354 /ig SO2 m\ 
Colls et al. (1992) used an open-air fumigation system to expose winter 
barley (Hordeum vulgare L.) cv. Igri to a single dose (defined as concentration 
X time) of SO2, to determine if concentration peaks or long-term averages had 
the greatest effects on the plants. The treatments were based upon achieving an 
equivalent dose of 534 jug SO2 m' for 6 days. The treatments included 
continuous exposure to 89 ptg m for 6 days, 178 jug SO2 m" for 3 days 
followed by ambient air for 3 days, or 534 ^g m" for 1 day followed by 5 days 
of exposure to ambient air. This six-day cycle was repeated 24 times during the 
growing season. There were no effects on shoot dry weight accumulation or on 
grain yield in any treatment. The lack of effects was attributed to plants being 
able to metabolize excess sulphate during the SO2 free days. 
Potato {Solanum tuberosum L.) were exposed to 288 or 786 //g SO2 m"\ 
for 105 days in closed top field chambers for 4 h per day under well-watered or 
water stressed conditions to study the interactive effects of soil water stress and 
SO2 (Qifu and Murray 1991). Visible symptoms appeared after 9 weeks of 
exposure to 288 ng SO2 m" and after six weeks of exposure to 786 //g SO2 m" . 
At harvest, the leaf S content of well-watered plants had increased by more 
than 100%) and 125%) m the 288 and 786 //g SO2 m" treatments, respectively. 
When water stressed, the lower SO2 treatment had little effect on S content; 
whereas, the 786 pig SO2 m'^  treatments resulted in a 100%o increase in leaf 
sulphur. Leaf chlorophyll of 35 day old leaves from well-watered plants 
decreased significantly, by approximately 30%o at 288 //g SO2 m'^  and by 40%) 
at 786 fig SO2 m". In contrast, water stress resulted in a maximum chlorophyll 
loss of 11%) at 786 //g m'^  SO2. Exposure of well-watered potato plants to 786 
Hg SO2 m"^  resulted in significant decrease in dry weight of leaves (25%)) and 
tuber (35%)) over control. In contrast, dry weight reductions in water stressed 
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plants did not occur on exposure to SO2. This might be due to increased 
stomatal resistance in response to mild water stress that limit SO2 uptake. 
Effects of long-term SO2 exposure on growth and development of 
Eucalyptus rudis Endl was studied by Clarke and Murray (1990). The plants 
were exposed to 132 and 274 //g SO2 m"^  for 8 h day'' in open-top chambers for 
17 weeks. Seventeen week exposure to 132 //g SO2 m" increased the height, 
leaf area, and dry weight of leaves because of increase in size of leaves, but 
total number of leaves remained unaltered. Sulphur dioxide levels of 274 //g m" 
^ did not affect plant height, leaf area and dry weight of leaves, but increased 
the rate of leaf abscission. 
Kropff (1990) performed field experiments with an open-air fumigation 
system to interpret and explain the observed yield loss in broad bean {Vicia 
faba L.) by quantifying the contribution of different physiological processes. 
Fumigation with 74 //g SO2 m" through out the growing season, resulted in 9 
and 10% decrease in dry matter and pod yield. These losses were accompanied 
by visible injury (brown/red spots), which progressed from the oldest leaves 
upward and also resulted in some leaf abscission. When exposed to 165 //g 
SO2, dry matter and yield were reduced by 17 and 23%. The dry matter 
production was primarily decreased due to loss of green leaf area in SO2 
exposed plants. 
In an open-top chamber study barrel medic (Medicago truncatula 
Gaerm.) cv. Paraggio was exposed to 107 to 1349 fig SO2 m" for 4 h day", 7 d 
week"' for 72 days (Murray and Wilson, 1991). Less than 10% reduction in the 
plant growth was recorded at concentrations upto 314 //g SO2, however, at 668 
//g SO2 m'^  there was 40 to 50% reduction in growth accompanied by 85% 
increase in the S concentration. There was significant reduction in flowering 
with the increase in SO2 concentration, and at 1349 //g m"^  SO2, there was little 
or no plant growth. 
Julkunen-Tiitto et al (1995) studied the effects of SO2 exposure on 
growth and on phenol and sugar production in six clones of willow {Salix 
mysrsinifolia Salisb). A disruption in secondary metabolism could alter plant 
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response to herbivores and microorganisms. Clones were exposed to 300 //g 
m"^  SO2 for 7 h day"', 5 days week'', for 3 weeks in fumigation chambers. 
Salicln and chlorogenic acid content were decreased by 15% to >70% 
depending on clone, while there was no significant effect on salicortin, 2'-0-
acetylsalicortin, (+) catechin and two unknown phenolics. Since SO2 exposure 
did not affect salicortin and 2'-0-acetylsalicortin (key molecules in the defence 
chemistry it was concluded that willow resistance to herbivory and 
microorganism attack was not reduced. Glucose, fructose and sucrose contents 
were not significantly affected. Willow exposed to 300 jug m'" SO2 produced 
14 to 48% greater biomass (leaf, stem, and root dry weights) compared to 
control plants. Exposure of SO2 at 0.1 and 0.2 ppm and M. javanica, 
individually caused significant reduction in plant growth of pea, moreover, this 
reduction much greater in joint treatment (Singh et al., 1995). 
Agrawal and Verma (1997) investigated whether varying the levels of 
nitrogen (N), potassium (K), and phosphorous (P) in the growth medium could 
affect the response of wheat {Triticum aestivum L.) cvs. Malviya 206 and 
Malviya 234 to SO2 Thirty days after sowing plants were exposed to 390 + 20 
• 1 1 1 
jug m SO2 for 4 h day', 5 d week", for 8 weeks in open-top chambers. Visible 
injury symptoms appeared earlier and were the greatest in both cultivars grown 
with no additional nutrients. Unfertilized plants exposed to SO2 had the greatest 
dry weight, height, and yield reductions while plants grown with recommended 
or 2 times the recommended levels of NPK were able to alleviate SO2 effects to 
the greatest extent. Leaf area and total chlorophyll content decreased 
significantly when plants were exposed to SO2. Ascorbic acid was significantly 
reduced in treated plants as it was utilized in removal of free radicals generated 
by SO2 in foliar tissue. Sulphur dioxide treatment also resulted in an increase in 
sugars and a decrease in starch. Sulphate sulphur increased in treated plants and 
the greatest increase was in plants grown with no additional nutrients. An 
increase in the root: shoot ratio was also observed in SO2 treated plants that 
suggested a modification in the carbon allocation pattern when plants were 
exposed to SO2. It was concluded that both nutrient deficiency and SO2 
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reduced the considered parameters but addition of NPK in different 
combinations ameliorated the adverse effects of SO2. 
Growth dynamics of wheat, Triticum aestivum L.cvs., AureHo, Mec 
Manital and Chiaram was investigated in relation to SO2 exposures (Lorenzini 
et al. 1990). All the cultivars respond differently to long term exposure to SO2. 
The cv. Mec showed significant reductions in several of the growth and yield 
parameters, while the other cultivars were only marginally affected. 
Fumigation with SO2 reduced the yield of cv. Mec by 33%. Two week old 
wheat cv. Banks seedlings exposed to 0.004, 0.042, 0.121, 0.256 or 0.517 1 
litre'' SO2 for 4h per day for 79 days resulted to a significant reduction in plant 
height, shoot weight, development stage, number of tillers, ear weight per 
plant, average ear weight and total number of ears at and above 0.042 1 litre"' 
(Wilson and Murray, 1990). SO2 at LD50 could not affect growth of maize {Zea 
mays) cv. Co-1 though the shoot length decreased (Jeyakumar et al, 2003). 
Dhir et al. (2001) observed that when fifty day old Cichorium intybus L. 
plants were exposed to 1 ppm sulphur dioxide gas, 2 h per day for 7 
consecutive days, the number, dimensions, area, and biomass of leaves were 
less in the treated plants. Tiwari et al. (2010) studied on seasonal variations and 
effects of ambient air pollutants on the root, shoot length, number of leaves per 
plant, leaf area and root and shoot biomass of lettuce. Beta vulgaris L. cv. 
Allgreen at a suburban she situated in dry tropical area of India, experiencing 
elevated levels of ambient air pollutants. Air monitoring data showed that mean 
concentrations of SO2 and NO2 were higher during winter. Plants grown in non 
filtered chambers showed stunted growth, reductions in biomass and yield and 
modification in biomass allocation pattern as compared to those grown in 
charcoal filtered air. Biomass allocation pattern revealed that during summer 
photosynthate allocation to roots reduced with consequent increment in leaf 
weight ratio, which helped in sustaining nutritional quality of palak even after 
more yield reductions in NFCs as compared to PCs. 
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Effects on pollen and fertilization 
Bosac et al. (1993) studied the effects wet and dry exposure, both in vivo (on 
the anthers) and in vitro (culture dishes) on germination of pollen from oilseed 
rape {Brassica napus L.) cvs. Tapidor and Libravo. For in vivo treatments 
inflorescences were exposed in special chambers (excluding the rest of the 
plant) to 524 //g m"^  SO2 for 6 h. In vitro exposures (wet or dry) lasted for 3 h. 
Exposure to 524 //g m" SO2 had no effect on germination or pollen tube length, 
in vivo or in vitro (dry); however, there was a significant reduction in 
germination when pollens were exposed to SO2 while in unbuffered medium 
droplets. Pollen tube length was also greatly reduced under these conditions but 
too few pollen grains germinated and grew to calculate reliable means. It was 
concluded that the reduction in germination in the unbuffered medium was due 
to acidification of the medium (pH dropped form 6.5 to 5.5) during SO2 
exposure. Sulphur dioxide is highly soluble in water; therefore, would get 
dissolved and acidified the medium during exposures. 
Agrawal et al. (1995) utilized a nightshade (Solanum nigrum) complex, 
which exhibits three natural cytotypes [diploid {S. americanum), tetraploid {S. 
villosum), and hexaploid {S. nigrum)] to determine the effects of SO2 on pollen 
chromosomes. Flowering plants were exposed to 524 //g m"^  SO2 for 2 h d"' for 
3, 7 or 11 days. When pollen mother cells (PMC's) were examined it was 
found that meiotic chromosomal abnormalities were highest in diploid plants 
(19.67 to 26.0%) and least in hexaploid plants (4.45 to 7.0%). In addition, 
abnormalities increased with length of exposure for all plants. Pollen sterility 
followed the same pattern as chromosomal abnormalities, 19.5 to 21.6% in 
diploid, 13 to 15%o in tetraploid and 10 to 13%o in hexaploid, with sterility 
increasing with length of exposure. The authors concluded that the observed 
abnormalities might have resulted from free radical splitting of phosphodiester 
linkages of DNA or from bisulphite combining with cytosine or uracil which 
may result in alteration of DNA or RNA functions. 
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Effect on biochemical processes 
Plant proteins and antioxidant enzymes 
The role of superoxidase dismutase (SOD) in defence against SO2 
toxicity was investigated using leaves of poplar and spinach by Tanaka and 
Sugahara (1980). Young poplar leaves having five times the SOD of the old 
leaves were more resistant to the toxicity of SO2. The SOD activity in poplar 
leaves was increased by fumigation with 0.1 ppm SO2, and this was more 
evident in young leaves than in the old ones. The poplar leaves having high 
SOD activity due to 0.1 ppm SO2 fumigation were more resistant to 2.0 ppm 
SO2 than the control leaves. The finding suggested that SO2 toxicity is in part 
due to the superoxide radical and that SOD participates in the defense 
mechanism against SO2 toxicity. Elemental sulphur and many sulphur 
containing compounds such as cysteine rich antifungal proteins, glucosinolate 
(GSL) and phytoalexins play important role in plant disease resistance. 
Pierre and Queiroz (1981) investigated the enzymatic and metabolic 
changes in bean {Phaseolus vulgaris L.) leaves on continuous exposure to sub 
necrotic levels of SO2. The study revealed a rapid increase in enzyme capacity 
at 0.1 ppm or 3 //g SO2 m" . The key enzymes of the metabolic pathways, 
peroxidises. Organic acids, amino acids and polyamines composition was 
ahered with change in enzymes. 
The effect of low levels of SO2 (3, 5 and 10 ppm) on peroxidase was 
evaluated on the foliage of Brassica nigra L., Phaseolus radiatus L. (SO2 
sensitive) and Zea mays L. (SO2 resistant) (Varshney and Varshney, 1985). SO2 
enhanced the peroxidise acidity in all species but least increase was found in Z 
mays. Six weeks fumigation with 3, 5 and 10 ppm SO2 increased peroxidise 
activity by 32, 40 and 45% in B. nigra, 25, 30 and 43% in P. radiatus and 4, 8 
and 13%) in Z mays, respectively. Peroxidase activity was found to increase as 
a function of concentration and duration of SO2 exposure. SO2 fumigation 
increased the intensity and thickness of individual isoenzyme bands without 
affecting the overall isoenzyme pattern except in P. radiatus where 6 week 
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exposure altered the isoenzyme pattern. The sulphite turnover rate was faster in 
Z. mays compared to B. nigra and P. radiatus. It was postulated that the high 
peroxidise acitivity and high sulphite turnover rate possessed by Z. mays 
provided a relatively high resistance against SO2toxicity. 
Amount of Glutathione (GSH), an important element in both plant and 
insect antioxidant systems, is known to increase following stresses. The effect 
of SO2 on GSH concentration in soybean was investigated (Chiment et al, 
1986). GSH levels were found to vary with SO2 concentration in the same 
manner as did the insect response. Madamanchi and Alscher (1991) conducted 
experiments to understand the role of antioxidants and enzymes on metabolic 
processes of two pea cuUivars, Progress (insensitive) and Nugget (sensitive) 
known to differ in their sensitivity to SO2. Plants were exposed in continuously 
stirred tank reactors to 2,095 //g SO2 m"^  for 210 min. Total glutathione (ratio 
of exposed/control) content increased from 1.11 (at 0 min.) to 2.04 (at 210 min. 
exposure) in the cv. Progress and 1.42 (at 0 min.) to 1.69 (at 210 min. 
exposure) in the cv. Nugget. Reduced glutathione (GSH) increased in the cv. 
Progress from 1.11 to 1.93 and in Nugget from 1.37 to 1.59 for 0 and 210 
minutes exposure, respectively. No significant effects were found on ascorbic 
acid or oxidized glutathione content. Superoxide dismutase activity increased 
90% in Progress, but was unaffected in Nugget. Mean glutathione reductase 
activity increased 35% and 21% in cvs. Progress and Nugget, respectively. The 
authors Suggested that the significantly increased glutathione content, 
glutathione reductase, and superoxide dismutase activities in cv. Progress 
might be a part of its metabolic resistance to SO2 exposure. 
Chauhan (1990) performed a study on the early diagnosis of S02-stress 
and the mechanism of SO2 damage in crop plants by measuring volatile 
emissions from treated tissues. Emissions from tomato {Lycopersicon 
escukntum Mill.), mung bean {Vigna radiata L.) and maize {Zea mays L.) were 
measured after exposure to 262 ng SO2 m"^  for 2 h per day or 524 //g SO2 m'^  
for 1 h per day. Tomato and maize were exposed for 60 days and mung bean 
was exposed for 45 days. Ethylene, ethane, acetaldehyde, and ethanol contents 
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were measured at 15 day intervals. Ethylene emissions substantially increased 
in all the three species, until visible injury symptoms (chlorosis followed by 
necrosis) appeared, after which ethylene concentration declined. Ethane 
emissions were detected just prior to the appearance of visible injury symptoms 
and increased with increase in injury levels. It was suggested that ethane 
production was a result of lipid peroxidation caused by sulphate oxidation. To 
verify this, an additional experiment with mung bean was performed to 
establish the relationship between antioxidants and SO2 damage. Addition of 
antioxidants substantially reduced ethylene and ethane production supporting 
the idea that lipid peroxidation was caused by free radicals resulting from 
sulphite oxidation. Acetaldehyde and ethanol emissions increased as exposure 
duration increased up to 45 days, but emissions declined after the appearance 
of visible injury symptoms. As acetaldehyde and ethanol are not normal by-
products of aerobic metabolism, it was concluded that their production was a 
result of SO2 induced alteration of respiratory metabolism. The rates of 
emissions of ethane, acetaldehyde and ethanol were related to the degree of 
SO2 resistance displayed by the species in the study, greater the resistance 
greater was the rate of emissions. 
Antioxidant production and its role in protecting four tropical tree 
species, ber, Zizyphus mauritiana; jamun, Syzygium cumini ; neem, 
Azadirachta indica and mango, Mangifera indica from air pollution was 
studied by Rao and Dubey (1990). Four exposure sites were selected downwind 
from an industrial source with the average SO2 concentration of 48 to 90 //g m' 
while the site was 10 km away in upwind direction served as control. Samples 
were collected once a month for 12 months. SO2 was the primary pollutant in 
the area affecting plant response alone and in combination with other 
pollutants. Sulphate accumulation in the leaves corresponded to the ambient 
SO2 level. When exposed to 90 //g m"^  SO2, the sulphate content of leaves 
increased by 72, 69, 65, and 92% for ber, jamun, neem, and mango, 
respectively, in comparison to the control site. Increase in sulphate content of 
four species ranged from 26 to 48% at the site with an ambient level of SO2 (48 
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^g m"^ ). Stomatal conductance decreased by 26 to 28% in the four species at 
the site with the highest SO2 level in comparison to the control site. Oxidation 
of proteins, superoxide dismutase activities and peroxidase activities increased 
in all four species. The magnitude of the response varied with species and was 
related to the ambient SO2 concentration. It was concluded that increased 
peroxidase and superoxide dismutase activities could increase SO2 tolerance 
under field conditions. 
Zea mays was grown for two weeks in fumigation chamber and exposed 
to 45, 70 and 110/^ 1 SO2 1''. No visible symptoms on plants exposed to 
charcoal filtered air were recorded but differences occurred between the control 
and fumigated plants. The amount of cysteine and free amino acids in leaf 
increased while that of soluble proteins decreased. Qualitative and quantitative 
differences found in the soluble protein patterns suggested that low 
concentrations of SO2 affect the protein metabolism (Raneiri et al, 1990). 
Gupta et al. (1991) studied the effects of SO2 exposure on abscisic acid 
(ABA) production in soybean {Glycine max L.) cv. Elf at the end of the 
exposure period and after a recovery period of 18 hours. Thirty day old 
soybean seedlings were exposed to 131, 524 or 1048 ;/g SO2 m"^  for 1, 2 or 4 
hours. No visible injury was observed at a 131 //g SO2 m"^  Although a mild 
chlorosis occurred on top leaves after the 18 h recovery period at the 524 //g m" 
SO2 treated plants. Leaf curl and necrotic areas were visible in plants exposed 
to 1,048 fig m"^  SO2 within 4 h of treatment. It was found that both exposure 
concentration and duration significantly increased ABA content of leaves. At 
SO2 concentration of 131 //g m"\ ABA content increased by 28% after 1 h, 
87% after 2 h and 141% after 4 h exposure. The 18 hour recovery period 
resulted in a reduction of ABA levels in all treatments, but ABA levels were 
still higher than the controls. 
Long-term effects of 39, 73, and 100 //g SO2 m"^  (seasonal means) on 
nitrate reductase, nitrite reductase, glutamine synthetase, glutamate 
dehydrogenase, glutathione reductase activity and total glutathione content of 
winter barley {Hordeum vulgare L.) cv. Igri were studied in open-air 
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fumigation system (Borland and Lea, 1991). Nitrate reductase activity in 
tissues iiarvested in February, March and April was significantly decreased by 
100 jug SO2 m ^  Nitrite reductase activity was relatively constant except for 
significant increases in April (at 100 fig m'^ SO2) and May (at 39 fig m'^ SO2). 
There was no effect of any SO2 concentration on glutamine synthetase or 
glutathione reductase. Exposure to SO2 significantly increased glutamate 
dehydrogenase activity in samples obtained in December, January and June. 
Total glutathione varied with the season but there was no increase in 
accumulation on SO2 exposure. 
Impact of SO2 on superoxide dismutase (SOD) and the ascorbate-
glutathione cycle was investigated in a tolerant (cv. Punjab-1) and a sensitive 
cultivar (cv. JS 7244) of soybean (Glycine max (L.) Merr.) (Rao and Dubey, 
1993). Despite of SO2 stimulation SOD activities in cv. JS 7244 increased 
significantly. This differential response was attributed to the ability of cv. 
Punjab-1 to enhance glutathione reductase (GR) activity and to maintain high 
GSH/GSSG and ASA/DHA ratios. Post-fumigation analysis indicated that cv. 
Punjab-1 was able to maintain S02-enhanced antioxidants, whilst they declined 
in cv. JS 7244 the moment fumigation was terminated. Exposure of SO2-
acclimated plants (cv. Punjab-1) with their enhanced antioxidants to 250 jxg 
SO2 m"^  for 6 h exhibited no enhanced cellular injury (MDA content) compared 
to control plants with their normal antioxidant levels. The results indicated 
existence of a relationship between the plants ability to maintain reduced 
glutathione (GSH) and ascorbate (ASA) levels and SO2 tolerance, to tolerate 
S02-induced oxygen-free radical toxicity with elevated antioxidants. 
Changes in thylakoid proteins and antioxidants in two wheat cultivars 
viz., Mec and Chiarano with different sensitivity to SO2 was studied (Ranieri et 
al, 1997). It was found that thylakoid protein composition depends on a 
differential ability of the cultivars to maintain elevated levels of ascorbic acid 
rather than on increasing detoxifying enzyme activities. Bemardi et al. (2001) 
studied levels of soluble leaf proteins and the response of the superoxide 
dismutase (SOD) complex of bean plants {Phaseolus vulgaris L.) cv. Groffy 
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after exposure to SO2 at 79, 157 or 236 //g m"^  for 2, 4, or 7 days. No visible 
injury symptoms were observed in any of the treated plants. Newly synthesized 
polypeptides were detected in all treatments and there were quantitative 
differences between the control and treated plants for 6 other protein subunits 
over control. The observed changes in protein synthesis were linked to a SO2 
resistance. In addition, SO2 exposure induced the activation of an additional 
SOD isoform, which when tested exhibited the characteristics of an iron 
superoxide dismutase (FeSOD). It was concluded that the increased activity of 
the FeSOD was the initiation of activation of the antioxidant system in 
response to radical formation due to SO2 oxidation. 
Jeyakumar et al. (2003) reported that stomatal frequency and stomatal 
index of maize seedling cv. Co-1 were not affected when exposed to LD50 of 
SO2. However, the size of the stomata was significantly reduced and there was 
also reduction in the amount of starch and sugar in the stressed plants over 
control. Amylase activity and proline contents were increased in response to 
SO2 stress. SO2 is highly damaging to rice, Oryza sativa japonica-type cv. 
Nipponbare and trigger multiple events linked with defense /stress response 
(Rakwal et al, 2003). Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis and immune blotting analysis revealed induction of ascorbate 
peroxidise(s), and changes in cysteine proteinase inhibitors (phytocystatus) like 
proteins. Two dimensional electrophoresis (2-DE) followed by amino acid 
sequencing also revealed several changes in the 2-DE protein profiles of SO2 
fumigated leaves. Most prominent changes in leaves were the induced 
accumulation of a pathogenesis related (PR) class 5 (OsPR5) proteins, three PR 
10 class proteins (OsPLrlOs), ATP dependent CLP protease, and an unknown 
protein. Mass spectrometry analysis revealed production of phytoalexins, 
sakuranetin and momilactone A in SO2 stressed leaves. 
Hao et al. (2005) studied the responses seedlings superoxide anion 
radical O2 and antioxidant enzymes of wheat to SO2 by introducing the gas at 
different concentration to the culture boxes. When the concentration of SO2 
was 10 and 40 lA I"', the O2 content and peroxidase (POD) and catalase (CAT) 
activities of wheat leaves were increased, wliile the activity of superoxide 
dismutase (SOD) was reduced. At 50 fil SO2 V\ the activities of POD and CAT 
were reduced. On the upper most leaves necrosis appeared and more fungi 
multiplication was recorded on green leaves. Presoaking of wheat seeds with 1 
mmol r ' salicylic acid (SA) for 6 h or with 10 mmol H2O2 f' for 12 h alleviated 
the oxidative stress caused by SO2, as the O2 content decreased and the 
activities of antioxidant enzymes increased. Under SO2 fumigation, ethylene 
significantly inhibited the activities of test enzymes, and promoted the O2 
production rate. With simultaneous application SA and ethylene at the same 
time, SA almost completely eliminates the influences of ethylene on O2 
production and enzyme activities. 
The facultative halophyte Mesembryanthemum crystallinum shifts its 
mode of carbon assimilation from C3 pathway to crassulan acid metabolism 
(CAM) in response to factors that generates reactive oxygen species (ROS) in 
cells (Surowka et al., 2007). Exogenous application of SO2 to M. crystallinum 
plants was done to assure the role of ROS production in CAM induction. The 
finding suggests that oxidative stress caused by SO2 fumigation was not 
sufficient enough to induce functional CAM. Further evaluation of the 
influence of SO2 fumigation/sulphite incubation on the activity and level of 
SOD isoenzymes, especially FeSOD, which is one of the first indicators 
correlating with the X3/CAM transformation revealed that the activity of 
FeSOD and SOD CuZn isoforms increased under SO2/ sulphite stress. The 
pattern of FeSOD and CuZnSOD is probably due to the action of sulphite per 
sec. 
Tseng et al. (2007) explored the possibility of overcoming the highly 
phytotoxic effect of SO2 and salt stress, by introducing the maize Cu/Zn SOD 
and/or CAT genes into chloroplasts of Chinese cabbage {Brassica campestris 
L. ssp. Pekinensis cv. Tropical Pride) (referred to as SOD, CAT and 
SOD+CAT plants). SOD+CAT plants showed enhanced tolerance to 400 ppb 
SO2 and visible damage was one sixth of that in wild type (CK) plants. 
Moreover, when SOD+CAT plants were exposed to a high salt treatment of 
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200 mM NaCI for 4 weeks, the photosynthetic activity of the plants decreased 
by only 6%, where as that of CK plants by 72%. SOD plants had higher total 
APX and GR activities than CK plants. SOD plants showed protection against 
SO2 and salt stress that were moderately improved compared to CK plants. 
However, in CAT plants there was inhibition of APX activity limiting tolerance 
to stress. Moreover, SOD+CAT plants accumulated more K\ Ca^ ^ and Mg^' 
and less Na^ in their leaves compared with those of CK plants. The results 
suggest that the expression of SOD and CAT simultaneously is suitable for the 
introduction of increased multiple stress protection. 
In an attempt to improve the tolerance of plants to the toxicity of 
reactive oxygen species (ROS) produced in presesnce of SO2, Tseng et al. 
(2008) engineered transgenic Chinese cabbage {Brassica campestris L. ssp. 
Pekwensis cv. Tropical Pride) by infection with individual strains of 
Agrobacterium (LBA44o4) each carrying a distinct disarmed T-DNA 
containing Escherichia coli superoxide dismutase (SOD) and/or catalase (CAT) 
gene(s). Transgenic lines were examined by polymerase chain reaction. 
Northern blot hybridization and enzyme activity determination. The study 
revealed that the frequency of co-transformation with two T-DN As was greater 
than 40%. Enhancement of either SOD or CAT activity individually had only a 
minor effect on 40 //g SO2 ml"' tolerance. Mostly, co transformed strains that 
over expressed both SOD and CAT had high resistance to SO2. Further 
analyses showed that not only the activities of SOD and CAT but also the 
activities of total antioxidant enzymes, such as ascorbate peroxidase (APX) and 
glutathione reductase (GR), were marked higher in transgenic plants treated 
with SO2 than in treated wild type plants, indicating that the ability to eliminate 
ROS in transgenic Chinese cabbage was increased significantly. It has been 
concluded that the co transformation systems could serve as a good method for 
plant improvement. 
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Effects of Sulphur dioxide on plant pathogens 
Pollutants and plant pathogens may co-occur in a given ecosystem. Pollutants 
may (a) prove toxic to pathogen and suppress its pathogenicity, thus protecting 
the plant against the plant pathogen, (b) pre-dispose the host plant to greatei' 
invasion and damage by the pathogens, or (c) may act independently without 
affecting the activity of each other (Khan and Khan, 1993b). Some SO2 levels 
considered as safe to plants have been found stimulative for fungal pathogens. 
According to UN ECE and CPCB, India the upper tolerance limit of plants to 
SO2 is 100 jug n\^ (24 h mean) in ambient conditions. 
Exposures to SO2 may eventually leads to the accumulation of sulphur, 
increased acidity and other changes in plant physiology and biochemistry. The 
oxidation and dissolution of SO2 in water significantly decrease pH of rain 
water, thereby increasing the acidity of soils, rivers and lakes in several areas 
of the world (Bruck and Shafer, 1984). Any alterations in plant physiology and 
biochemistry may affect pathogenesis of microbes and subsequently the disease 
development. The environmental pollution may have a direct effect on plants 
and pathogens or it may alter the host parasite relationship influencing 
virulence of the pathogen and /or susceptibility of the host. 
Plant pathogenic fungi 
Numerous of experiments have been designed to understand the response of 
pathogenic fungi to SO2 in ambient and simulated conditions (Khan and Khan, 
2000). Direct effect of SO2 on fungal spores has been investigated in vitro too. 
In vitro condition 
Most of in vitro studies have revealed that SO2 inhibits fungal parasitism but 
the mechanism involved is not known (Heck et al., 1986). Spores as well as 
mycelium of most of the fungi appear to be resistant to direct exposure to SO2 
and even massive doses have little effect on spore germination. The 
germination of uredospores of Puccinia striiformis was less in ambient air with 
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a higher concentration of SO2 (Sharp, 1967). Mapffand McLeod (1988) 
reported significant inhibitory effect of 0.1 and 0.2 ppm SO2 for 24 h on spore 
germination and germ tube extension of Verticillium lecanii and Cladosporium 
herbarum. Conidial germination of powdery mildew viz. Erysiphe trifolii, E. 
pisi, E. polygoni, Microsphaera alphitoides, Phyllactinia dalbergiae, 
Sphaerotheca fulginea and S. cassia were suppressed on exposure to 0.1 and 
0.2 ppm SO2 (Khan and Kulshreshtha, 1991). Khan and Khan (1998) have 
reported that intermittent exposures of SO2 at 50 ppb increased the severity of 
powdery mildew of cucumber caused by Sphaerotheca fuliginea. Higher 
concentration (200 ppb SO2), however, suppressed the disease and the fungus 
colonization partially protected the plants from SO2 injury. 
By and large, fungal spores are quite resistant to SO2 but they may 
become sensitive under moist and humid condition. Germination of wet conidia 
of Alternaria sp. was decreased by 60% from exposure to 50 ppm SO2 for 24 
minutes, however, 110 ppm produced similar effects on dry spores (Couey, 
1965). Wani et al. (1997) have recorded inhibitory effect of 100 and 200 //g 
SO2 m" on the colonization of Alternaria alternata and A. brassicicola, but 
sporulation and spore germination were stimulated on exposure to 100 //g SO2 
m" for 3-9 hours. Length and number of cells of a spore increased due to 
exposure to 100 //g SO2 m'^  and remained uninfluenced at 200 /<g 
concentration. 
Simulated condition 
An open-air fumigation system was utilized to assess the development of 
mycoflora (yeast and filamentous fungi) on winter barley {Hordeum vulgare 
L.) cv. Igri in the presence of SO2 or two fungicides (Mcleod, 1988; Magan and 
McLeod, 1991). Exposures to 37, 76 or 123 pig SO2 m"^  (1986) or 37, 73 or 100 
fig SO2 m" (1987) throughout the growing season resulted in consistently lower 
number of colony forming units on flag leafs while the fungicides had no 
consistent effect. Significant decrease was observed in populations of pink 
yeast (Sporobolomyces roseus) under high SO2 concentration plots in both 
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years. White yeast {Cryptococcus spp.) populations also decreased with SO2 
exposure while populations of Cladosporium spp. remained unaffected. Both 
fungicide treatments significantly reduced Cladosporium spp. populations in 
1986. A significantly greater percentage of green flag leaf area was found in 
the SO2 treated plots compared to the fungicide treated plots. It was concluded 
that yeast and Cladosporium species were important component of cereal 
mycoflora and act as antagonists to foliar pathogens. Thus, a reduction in their 
populations by SO2 could reduce plant defense to pathogen attack. 
Viciafaba cv. Aguadulce was grown in fumigation chambers ventilated 
with filtered air or air containing SO2 at controlled concentrations, and 
inoculated with the rust fungus Uromyces viciae-fabae to investigate the effect 
of SO2 on the parasitism of rust fungus on Viciafaba (Lorenzini et al, 1990). 
Exposures to SO2 levels around 70-90 ;/l F enhanced uredia density. Pre-
inoculation fumigations at 70-86 r]\ f' increased uredia density, whilst post-
inoculation fumigations stimulated urediospore production. Lower 
concentrations increased diffusion resistance of the host plant and slightly 
increased uredia density. Concentrations between 100 and 130 r]\ f' were 
somewhat inhibitory for the parasite rust fungi. Total sulphur accumulation in 
leaf tissue was reduced in presence of the fungal infection. SO2 pollution 
neither decreased germination ability nor modified morphological parameters 
of the urediospores. However, elongation of the germination tube of spores 
coming from filtered air was adversely affected by the pollutant. 
The impact of sulphur dioxide, in two different concentrations (286 and 
571 //g m ) for various exposure periods, on conidial germination of some 
powdery mildew fungi was investigated by Khan and Kulshrestha (1991) under 
artificial treatment conditions. SO2 in general was inhibitory to conidial 
germination of the powdery mildew fungi studied and the species did not differ 
much in their sensitivity to SO2. The per cent conidial germination was 
increasingly inhibited with an increase in SO2 concentration. The concentration 
of SO2 and the exposure period were important determinants of the inhibitory 
effect. 
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Over a three-year period, Mansfield et al. (1991) examined the effects of 
SO2 exposure in an open-air fumigation system on the development of fungal 
diseases of winter barley (Hordeum vulgare L.) cv. Igri. Exposures at 24 
(ambient), 55, 84 and 113 fig S02m"^ were applied in 1984-85, 18 (ambient), 
37, 76 and 126 //g SOzm"^  in 1985-86 and 13 (ambient), 64, 73 and 100 //g SO2 
m" in 1986-87, throughout the growing season. A general increase in powdery 
mildew infection in plots exposed to SO2, and decreased leaf blotch infection 
was recorded at the time of sampling. However, there was no effect of SO2 
treatment in any year on the incidence of sharp eyespot, Fusarium foot rot, 
brown rust, glume blotch, and net blotch on the flag leaves but variable effects 
were observed for eyespot and black ear moulds. The findings suggested that 
the response to disease varied due to several factors affected by SO2 including; 
host biochemistry, structure of wax layer, crop growth and growth of the 
pathogen. 
Cheah et al. (1993) studied the effect of sulphur dioxide fumigation on 
storage rot caused by Botrytis cinerea and residues in kiwifruit (Actinidia 
deliciosa). Fumigation with 1600 ppm for 20 or 30 min and 3200 ppm for 5 
min almost completely checked botrytis storage rot. Absorption of SO2 by fruit 
exposed to 1600 ppm gradually increased with time from 5 to 30 min of 
fumigation. The rate of absorption was greater at 3200 ppm than at 1600 ppm. 
Total SO2 residues were proportional to exposure time and treatment rate. The 
residues declined sharply from a maximum of 4.0 ppm to 1.6 ppm after 24 
hours and to 1.3 ppm 5 days after fumigation. No SO2 injury was observed on 
fruit at any concentration-time combination tested and fruit firmness was not 
affected by the treatments. 
Khan et al. (1998a) reported that air polluted with higher levels of SO2 
may directly alter the environment around the plant and pathogen. To test the 
hypothesis that plants may respond differently to foliar pathogens in polluted 
environments, effects of intermittent exposures of SO2 at 143, 286 and 571 /<g 
m"'' were investigated on the development of powdery mildew of cucumber 
(Ciicumis sativa L.) caused by Sphaerotheca fuliginea, using pre, post and 
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concomitant inoculation exposures in closed-top chambers. Sulphur dioxide 
(except 143 //g m") and the fungus alone caused chlorosis and/or necrosis, and 
mildew colonization on leaves, and subsequently reduced the plant growth and 
yield of cucumber. Fungus colonization was relatively greater on the plants 
exposed to 143 //g SO2 m"^ , but at higher concentrations, the colonies were 
greatly suppressed. Gas injury on fungus-infected plants was also less in the 
other treatments. Conidia of S. fuliginea collected from exposed plants varied 
in size. Conidiai germination was considerably greater at 143 fig SO2 m" . 
Higher concentrations (286 and 571 fig SO2 m"), however, suppressed the 
germination of conidia collected from the exposed plants or exposed on glass 
slides. The number of flbrosin bodies declined at all the concentrations. 
Synergistic relationship between 143 fig SO2 m"^  and S. fuliginea was recorded 
on plant growth and yield of cucumber. Sulphur dioxide at 571 fig m^ and 
powdery mildew infection acted antagonistically and their combined effects on 
plant growth were less than the additive effects. 
Ambient condition 
Since long germicidal nature of SO2 has been known to man but probably such 
observation in ambient condition was first made by Kock (1935) when he 
noticed absence of powdery mildew fungus, Microspheaera alni on oak trees in 
the vicinity of a paper mill in Australia. The disease was quite prevalent on 
oaks in an area which was agroclimatically identical but away from the smokes 
(SO2) of the mill. Industrial emissions containing SO2 may decrease incidence 
of the disease caused by various fungi viz. Alternaria solani, Hypodermella 
juniper, Hysterium pulicara, Rhystisma acerinum, Sphaerotheca fuliginea and 
Venturia inaequalis etc. (Scheffer and Hedgcock, 1955; Przybylski, 1967; Rai, 
1987; Khan et al. 1991b). Scheffer and Hedgcock (1955) observed low 
intensity and incidence of the diseases caused by species of Coleosporium, 
Cronartium, Melampsora, Peridermium or Puccinia on trees grown in SO2 
polluted area (near an ore smelter) and sustained pollution injury. With a 
gradual increase in distance from the smelter, there was a corresponding 
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decrease in plant injury and increase in the incidence of fungal diseases. Lilacs 
grown in polluted air (SO2) of New York City and other urban areas of USA 
developed substantially less infection of the powdery mildew fungus than the 
lilacs grown in rural areas (Hibben and Walker, 1966). Similar inhibitory 
effects of SO2 have also been reported in India (Rai, 1987; Khan et al., 1991b). 
Incidence and severity of early blight of potato caused by Allernaria solani 
were low in fields about 3-4 km away from a coal fired thermal power plant 
compared to unpolluted area (Rai, 1987). Khan et al. (1991b) observed a low 
intensity and incidence of powdery mildew caused by Sphaerotheca fuliginea 
on cucurbits grown around ceramic and pottery industries at Khurja (upto 2 km 
left to Khurja-Delhi road). With increasing distance from the source, SO2 
injury gradually decreased but powdery mildew disease increased. 
Quite contrary to the above findings, a few reports show stimulatory 
effect of SO2 on the fungal pathogenesis. Some researchers observed higher 
incidence of Armillaria mellea in trees injured by ambient SO2 (Scheffer and 
hedgcock, 1955; Jancarik, 1961; Kudela and Novakova, 1962; Donaubauer, 
1968). An increased incidence of wood rot (Jancarik, 1961) and of 
Lophodemium piecae on spruce needles (Kudela and Novakova, 1962) was 
recorded in localities polluted with SO2. Chiba and Tanaka (1968) also 
observed high disease incidence of Rhizosphaera kalkhoffii on red pine in 
ambient condition. Greater infection of Trametes heteromorpha, T. serialis, 
Glocophyllum and Melampsora species was noticed on different trees grown in 
SO2 polluted areas (Scheffer and Hedgcock, 1955; Jancarik, 1961). 
Plant parasitic nematodes 
Plant parasitic nematodes constitute an important group of parasites that are 
considered as a constraint in the cultivation of agricultural crops. Plant parasitic 
nematodes are typically obligate parasites and can not survive for a longer 
duration in the absence of host plant. Plant nematodes are basically aquatic 
organisms but have adapted well to the terrestrial habitats and inhabit soil at 
least for some period of their life span. Majority of plant parasitic nematodes 
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are root feeders but a few like Anguina, Aphelenchoides, Ditylenchus, etc 
attack and invade above ground parts such as stem, leaf or inflorescence. Plant 
nematodes on the basis of parasitism are categorized as ectoparasites and 
endoparasites. Ectoparasites feed on the surface of root or shoot whereas 
endoparasites penetrate the plant tissue and feed internally (Khan, 2008). Both 
the groups are agriculturally important, but endoparasites such as Meloidogyne 
and Pratylenchus species are more damaging and inflict tremendous yield 
losses to susceptible crops. 
Enough evidence does exist to indicate that SO2 may influence 
parasitism by nematodes. The effect of SO2 may be indirect either through 
altered host physiology or through some chemical alterations in soil as SO2 is 
unlikely to penetrate the soil and affect the inhabiting nematodes directly. 
Bassus (1968) was probably the first to correlate nematode population to 
atmospheric pollution. He reported increased population of saprophagous and 
predaceous nematodes in the soil of pine trees severely damaged by SO2 and 
alkaline particulate material compared to the soil of those pines away from the 
source and exhibiting a slight injury of SO2. A few studies have been 
conducted in India to evaluate the effect of coal smoke pollutants (primarily 
SO2) on the pathogenesis of root knot nematode, Meloidogyne incognita, and 
the interactive effects of the nematode and smoke on the growth and yield of 
solanaceous vegetables (Khan and Khan, 2000). Khan and Khan (1994a, 
1994b, 1996b) observed a higher intensity of root knot disease and 
reproduction of M. incognita on eggplant, okra and tomato grown in clay plots 
at a site about 2 km away from the stack of a coal fired thermal power plant, 
where daily mean concentration of SO2 and NO2 was 147 (16-269) and 88 (19-
231) //g m"^ , respectively. At another site, 2 km away from the source with 233 
(43-348) i^g SO2 m'^  and 112 (29-174) /ig NO2 m"\ disease intensity and 
reproduction of the nematode were significantly low. Interactive effects of root 
knot nematodes and coal smoke were invariably synergistic, leading to a 
greater reduction of plant growth and yield of eggplant (Khan and Khan, 
1994b), okra (Khan and Khan, 1994a) and tomato (Khan and Khan, 1996b) 
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grown at the site with moderate levels of SO2 and NO2. Similar stimulatory 
effects of coal smoke (containing higher levels of SO2), emanating from 
ceramic and pottery industries at Khurja on root knot disease and reproduction 
of M arenaria, M. incognita and M. javanica, have been noticed on curcurbits 
(Khan et al. 1991b). Gall formation and egg mass production of these 
nematode species gradually declined with increasing distance from the pottery 
units. 
Khan and Khan (1993a) studied the interaction of SO2 and root knot 
nematodes on tomato cv. Pusa Ruby. Intermittent exposure of tomato plants at 
286 //g m"^  (3 h every third day for 75 days) induced slight chlorosis of leaves. 
At 571 //g m' , considerable chlorosis with browning developed on the foliage. 
These symptoms were more pronounced and appeared earlier on SO2 exposed 
plants infected with M. incognita race 1, especially in post and concomitant-
inoculation exposures. M. incognita and/or SO2 significantly reduced different 
parameters of plant growth. Synergistic (positive) interactions between SO2 and 
M. incognita occurred in concomitant and post inoculation exposures at 286 
and 571 /^ g m", respectively and in other treatments, an antagonistic (negative) 
interaction was observed. However, in a few cases, additive effects of SO2 and 
M. incognita were also recorded. Intensity of root-knot (number of galls) was 
enhanced at both concentrations of SO2, while reproduction (egg mass 
production) of M. incognita was enhanced in concomitant-inoculation 
exposures at 286 //g m' and inhibited at 571 /^ g m" . Severity of root knot 
(galling) caused by M. javanica in pea was reduced by 0.1 and 0.2 ppm SO2 
exposures. Particularly in the presence of R. leguminosarum, fecundity 
suppressions were comparatively less in the case of roots inoculated with root 
nodule bacteria than in their absence (Singh et al, 1995). Root galling and egg 
mass production of M. javanica were enhanced by about 11 % and 6% at 100 
jug m'^ and declined by 23% and 24% at 300 //g SO2 m"^  exposure, 
respectively. Numbers of galls and egg masses were found to be remained 
unaffected at 200 //g m' . The fecundity was \6% lower at 300 //g m", 
whereas at the rest of the concentrations it was found more or less equal to the 
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control (Khan et al., 1995). Root galling and egg mass production of M. 
incognita on cowpea cultivars were greater/higher at 0.1 ppm SO2 exposure 
(Khan and Khan, 1996a). 
Khan and Khan (1997) reported that in infected plants, the diffusive 
intake of gaseous pollutants would be greater and the interaction between the 
nematode and pollutant(s) would be governed by the degree of stomatal 
opening. Tomato plants infected with the root-knot nematode, M. incognita 
were exposed to air containing 0, 50 or 100 ppb of SO2 or O3 for 5 h every 
third day on 27 occasions in 1988 and 1989. Plants exposed to the gases at 100 
ppb had chlorotic and/or necrotic leaves, small shoots and roots, reduced leaf 
pigment levels and low yield, compared to untreated plants. Greater foliar 
injury developed on plants exposed to SO2 + O3 mixture. Symptoms were even 
greater on nematode-infected exposed plants. M. incognita alone reduced 
tomato yield by 14.4% and induced a 3.6% increase in the width of stomatal 
pores and a 15.6% increase in the transpiration rate. A positive correlation was 
observed between stomatal pore width and rate of transpiration. Interaction 
between SO2 and O3 depended on the presence (significant) or absence 
(insignificant) of nematodes. Effects of nematode infection and gas exposures 
(especially mixtures) were mostly synergistic. Disease intensity (galls per root 
system) was increased, but nematode reproduction (egg masses per root 
system, eggs per egg mass) decreased on plants exposed to SO2 and/or O3. 
Singh et al. (1997) evaluated the concomitant effects of SO2 on 
soyabean in the presence or absence of root knot nematode and/or root nodule 
bacteria. The studies revealed that root nodule bacteria enhanced the plant 
growth yield, pigment, protein, nitrogen and oil contents of soyabean. 
However, these parameters were suppressed by M.javanica significantly. Joint 
inoculation of M. javanica and Bradyrhizobium japonicum caused reduction in 
concerned parameters, less than root nodule bacteria inoculated but more than 
nematode inoculated ones. 
Kausar et al. (2005) observed the interaction of SO2 (0.2 ppm) and seed 
gall nematode, Anguina tritici on five wheat varieties. LOK-1, HD-2329, Raj-
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3765, PPW-154, UP-2328 in artificial treatment condition. SO2 alone 
significantly reduced plant growth of all the varieties. Reduction in growth was 
more in nematode inoculated and SO2 exposed sets compared to nematode 
alone-inoculated sets. However, highest reduction in yield was observed in 
nematode inoculated sets. 
Kausar and Khan (2009) investigated the effect of different 
concentrations of SO2 (0.05, 0.1 and 0.2 ppm) on the mortality of seed gall 
nematode, A. tritici at different time intervals (1, 2, 3 and 4'*" days) and found 
that all the concentration of SO2 were harmful to juveniles of^. tritici. Further, 
investigation of the interactive effect of different concentration of SO2 with 
different levels (2,500, 5,000, and 10,000) of nematode on wheat, Triticum 
aestivum revealed that plant growth, yield, photosynthetic pigments, seed 
carbohydrate and seed protein were reduced significantly. However, the 
interaction between two pathogen and SO2 was antagonistic resulting to a 
damage less than their additive effects. 
Plant Bacteria 
Parasitism of bacteria on plants growing under stressed environments has not 
been well investigated. There are only a few reports that involve pathogenic 
bacteria and SO2. Exposure of soybean plants to 0-10 ppm SO2 for 24 h, 5 days 
before and after inoculation or both (before and after) led to the decline in the 
symptoms caused hy Xanthomonas phaseoli. Multiplication of the bacteria was 
also inhibited, being greatest in those plants exposed to SO2 before and after 
inoculation (Laurence and Alusio, 1981). Some researchers have also reported 
that continuous exposure of maize plants to SO2 at 0.2 ppm for 5 days before 
inoculation with Corynebacterium nehraskense or for 2 days after inoculation 
or both inhibited development and multiplication of the bacteria and 
subsequently the bacterial disease severity decreased considerably. 
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Plant viruses 
There are only a few reports which indicate that SO2 may stimulate virus 
multiplication and that the infected plants may show greater viral symptoms. 
Laurence et al. (1981) observed an increase in the southern bean mosaic virus 
as a result of exposure of the infected bean plants to 0.1 ppm SO2 for 7 days 
continuously. Likewise, severity of maize dwarf mosaic virus disease was 
enhanced and symptoms of the virus were greater on SO2 exposed plants, pre 
or post inoculated with the virus (Laurence et al. 1981). 
Rapeseed-mustard 
Rapeseed-mustard is one of the important edible oil yielding crop group and 
includes mainly Brassica rapa and B. juncea. The crop is cultivated in 53 
countries spreading over the six continents across the globe covering an area of 
24.2 million hectares with an average yield of 1451 kilogram per hectare 
ranging from 411 (Russian federation) to 6250 kilogram per hectare (Algeria) 
and netted the total production of 35.1 million tonnes. Asian continent alone 
contributes 59.1 % of the hectarage and 48.6 % of production of the world's 
production. In Asia it is chiefly grown in China, India and Pakistan. Among the 
7 Asian countries, China and India together contributes 95.4 % of total 
hectarage and 96.7 % of production of rapeseed and mustard. India alone 
contributes 28.3 % hectarage and 19.8 % production of the Asian countries. 
The projected demand of oilseeds in India is around 34 miUion tonnes by 2020, 
of which about 14 million tonnes is to be met by rapeseed-mustard (Yadava 
and Singh, 1999). 
India is among the largest vegetable oil economies of the world, next 
only to USA and china. In the agricultural economy of the country, oilseeds are 
important, next only to food grains in terms of hectarage, production and value. 
Currently, India accounts for about 13% of world's oilseeds area and 7% of 
world's oilseeds output and 10% of world's edible oils consumption. The 
diverse agro-ecological conditions in the country are favourable for cultivation 
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of all the nine annual oilseeds, including seven edible oilseeds, viz. groundnut, 
rapeseed-mustard, soybean, sunflower, sesame, safflower and niger and two 
non-edible sources, viz. castor and linseed. Apart from this, coconut and oil 
palm are also grown in the country for use as oil. India ranks first in the world 
in production of castor, safflower, sesame and niger, second in groundnut and 
rapeseed-mustard, third in linseed and fifth in soybean and sunflower. Oilseeds 
occupy about 13% of gross cropped area and account for nearly 3% of gross 
national product and 10% of the value of all the agricultural commodities. 
When the country's agricultural scenario was undergoing a rapid 
transformation leading to impressive performances on the food front in 1960s 
and 70s, the oilseeds scenario, had presented a dismal contrast. To increase 
domestic production of oilseeds and reduce import and make country sufficient 
in vegetable oils, the Government of India launched a Technology Mission on 
Oilseeds (TMO) in 1986. This mission together with the research achievements 
through the establishment of All India Coordinated Research Project on 
Oilseeds in 1967 and later creation of the Directorate of Oilseeds Research, and 
National Research Centres for Groundnut, Soybean and Rapeseed-mustard 
helped to achieve "Yellow Revolution". As a consequence, the production of 
total oilseeds was more than doubled by mid 1990s (23 million tonnes/annum) 
as compared to mid 1980s (11 million tonnes/annum), with additional area of 
around 8 million hactares and more than 40% increase in productivity. The 
status of India changed from that of an importer in 1980s to an exporter during 
the early 1990s. But now, it has again turned back to an importer status, 
necessitating import of more than 40% of its annual edible oil requirement. 
The position of rapeseed mustard in India is next to groundnut in both area and 
production. In India, it is mainly cultivated in the states of Rajasthan, Uttar 
Pradesh, Haryana, Madhya Pradesh, Gujarat, Assam, Punjab, Himachal 
Pradesh, Arunachal Pradesh, Bihar, west Bengal, Andhra Pradesh, 
Maharashtra, Kamataka and Tamil Nadu and account for nearly 89% of the 
oilseeds area and production in the country. Among different oilseeds, 
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groundnut, rapeseed-mustard and soybean account for nearly 77% of oilseeds 
area and 88% of oilseeds production in the country. 
Origin and History 
Rapeseed-mustard crops are a very diverse group of plants, which range 
from Brussels sprouts and broccoli to turnip, mustard and oilseed rape. 
Rapeseed-mustard was first cultivated as oilseed crop in Asia and the 
Mediterranean region. The use of oil for cooking and lighting was first 
mentioned in Sanskrit literature -1500 B.C. Despite great variation in 
phenotypes and uses of Brassica crops, most are derived from three parental 
species diploid (Fig. 1) viz., B. nigra (black mustard), B. oleracea (cabbage) 
and B. rapa (turnip rape) and their interspecific hybrids B. napus (ssp. oleifera: 
oilseed rape and ssp. rapifera: swede), B. juncea (Indian/Brown mustard) and 
B. carinata (Abyssinian mustard). 
There are also other cultivated species within Brassicaceae in use for 
agriculture, e.g. Brassica tournefortii (Asian mustard), Eruca sativa (arugula), 
Raphanus sativus (radish), Sinapsis alba (white mustard) and Wasabi japonica 
(wasabi). 
BBCC(n=17) 
B. carinata 
7 
AABB (n=18) 
B. juncea 
\ 
CC (n=9) 
\B. oleracea 
AACC (n=19) 
B. napus 
AA (n=10) 
"y B. rapa 
Figure 1. The phylogenetic relationship between the allotetraploid and diploid 
Brassica .species as proposed by U (1935). 
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Indian mustard or brown mustard (rai) was originally introduced from 
China into north eastern India, from where it spread to Afghanistan via Punjab, 
eastern Afghanistan, together with the adjoining north western India. It is 
predominantly cultivated in the states of Rajasthan, Uttar Pradesh, Haryana, 
Madhya Pradesh and Gujarat. Its cultivation has also been extended to non 
traditional areas of southern states like Kamataka, Tamil Nadu and Andhra 
Pradesh. There are 2 different ecotypes of brown sarson: lotni (self-
incompatible) and tora (self compatible). The lotni is predominantly cultivated 
in cooler regions of the country, particularly in Kashmir and Himachal Pradesh. 
The tora on the other hand is cultivated in certain pockets of eastern Uttar 
Pradesh. Yellow sarson is mainly grown in Assam, Bihar, north eastern states, 
Orissa, eastern Uttar Pradesh and West Bengal as a winter crop. In Haryana, 
Himachal Pradesh, Madhya Pradesh, Punjab, Uttaranchal and western Uttar 
Pradesh, it is grown as a catch crop. Taramira is grown in the drier parts of 
north-west India comprising Rajasthan, Haryana and Uttar Pradesh, Taramira 
has recently been introduced into India and is cultivated in dried parts of 
Northwest India compring Rajasthan, Haryana and Uttar Pradesh. It is believed 
to be a native of southern Europe and North Africa. Gobhi sarson and karan rai 
are the new emerging oilseed crops having limited areas of cultivation. Gobhi 
sarson is a long duration crop confined to Haryana, Himachal Pradesh and 
Punjab. 
Botanical Description 
Rapeseed-mustard belong to genus Brassica of the family Brassicaceae 
(=Cruciferae). It is annual herb ranging in height from 0.45m (in some varieties 
of tora) to 1.75m (in yellow sarson) (Fig. 2). Roots are long and tapering. Toria 
is more or less a surface feeder and brown sarson has long roots, with a limited 
lateral spread, enabling its successful cultivation under drier conditions. Yellow 
sarson has both extensive and lateral spread. In toria and brown sarson, the 
branches arise at an angle of 30 to 40°. In yellow sarson, branches arise 
laterally at an angle of about 10 to 20° and give a narrow and pyramidal shape 
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'ii^^^iM^')^ 
Figure 2. Different vegetative and reproductive stages of mustard, Brassica 
juncea, growing in field and pot, and close up of leaf, flowers, pods and 
seeds 
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to plant.The inflorescence is corymbose raceme. In yellow sarson, the four 
petals are spread apart, and in brown sarson and toria, petals overlap or may be 
placed apart, depending upon the variety (Fig. 2). The flowers bear hypogynous 
syncarpous ovary. In brown sarson and toria, ovary is bicarpellary, and in the 
case of yellow sarson, it may also be tri or tetra carpellary. 
The fruit is a siliqua (Fig. 2). The pods are two, three or four valved, 
depending upon the number of carpels in the ovary. The flowers begin to open 
from 8 a.m. and continue up to 12 noon. The fruits (pods) are slender and only 
2 to 6.5 cm long, strong ascending or erect with short and stout beaks. The 
seeds of various rapeseed-mustard plants are among the smallest of seeds. The 
seeds are about 3 mm in diameter, and may be coloured from yellowish white 
to brown or dark brown or black (Fig. 2). The seeds can come from three 
different plants: black mustard {Brassica nigra), brown Indian mustard (5. 
juncea), and white mustard {B. hirta and Sinapis alba). Seed coat is rough. 
Climate, soil and nutritional requirements 
The rapeseed and mustard are crops of tropical as well as temperate zones and 
require relatively cool temperatures for good growth. In India, they are grown 
in rabi from September-October to February-March. These crops grow well in 
areas having 25 to 40 cm rainfall. Sarson and taramira prefer low rainfall areas, 
and raya and toria are grown in areas with medium and high rainfall, 
respectively. 
These crops thrive best in light to heavy loams of pH around 7.0. Raya 
may be grown on all types of soils, but toria does best in loam to heavy loams. 
Sarson is suited to light loam soils and taramira is mostly grown on very light 
soils. 
The oil of rapeseed and mustard possesses a sizable amount of Erucic 
acid (41 to 57%), together with linoleic acid up to 12 to 18%. The oleic and 
linoleic acid, which have nutritive value, together constitute only about 22 to 
34%. A lower proportion of erucic acid will make the oil more palatable, 
nutritive besides reducing metabolic disorders. The protein contained in 
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Table 4. Nutritional value per 100 g of rapeseed and mustard 
Nutritional value per 100 g (3.5 oz) 
Energy 
Carbohydrates 
Sugars 
Dietary fiber 
Fat 
saturated 
monounsaturated 
polyunsaturated 
Protein 
Water 
Vitamin A equiv. 
Thiamine (Vit. B,) 
Riboflavin (Vit. B2) 
Niacin (Vit. B3) 
Vitamin Bg 
Folate (Vit. B9) 
Vitamin B12 
Vitamin C 
Vitamin E 
Vitamin K 
Calcium 
Iron 
Magnesium 
Phosphorus 
Potassium 
Sodium 
Zinc 
1,964 kJ (469 kcal) 
34.94 g 
6.89 g 
14.7 g 
28.76 g 
1.46 g 
19.83 g 
5.39 g 
24.94 g 
6.86 g 
3^g 
0.543 mg 
0.381 mg 
7.890 mg 
0.43 mg 
76 ^g 
o^g 
3mg 
2.89 mg 
5.4 i^g 
521 mg 
9.98 mg 
298 mg 
841 mg 
682 mg 
5mg 
5.7 mg 
rapeseed and mustard normally ranges between 24 and 30% on the whole seed 
basis and between 35 and 40% on the meal basis but the presence of toxic 
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glucosinolates in the mustard cake render it unsuitable as source of liuman 
protein and is at present used as a manure and as a cattle feed. The nutrition 
value of rapeseed and mustard in 100 g of seed are showed in the Table 4. 
Use and importance of Brassica crops 
Among the Brassica crops, the oilseed species are the most valued for the oil 
throughout the world market. Modem versions of Brassica oils are often of the 
Canola quality, which means contain low levels of erucic acid and 
glucosinolates. In North America "canola" is synonymous with oilseed 
Brassica crops, irrespective of species. Brassica oils are rich in long multi-
unsaturated omega 3 fatty acids (Vies and Gottenbos, 1989). In addition to oils, 
oilseed cake is rich in protein and is ideal for animal feed (Bell, 1995). 
Brassica napus has the highest yield potential under favourable conditions. 
Under unfavourable conditions, such as low temperatures, drought and short 
growth seasons, other Brassica species are used as oil crops. In Sweden, 
oilseed Brassica crops are primarily B. rapa and B. napus, whereas in parts of 
Canada, B. juncea is used for the purpose. 
The oil content of seeds of different forms ranges from 30 to 48% by 
weight. In white mustard, oil content ranges from 25 to 33%. The oil is used for 
cooking in northern India. The seed and oil are used as condiment in pickles 
preparations and for flavouring curries and vegetables. Oilcake is mostly used 
as cattle feed. The leaves of young plants are used as green vegetable. Early 
Asian and European scripts mention use of seed and oil as medicinal remedies 
for stomach and skin problems and hair conditioning. It is used medication in 
paralytic diseases. Its oil is also used in manufacturing greases, lubricants and 
in soap making industries. 
Brassicas are ideal for crop rotation as they reduce soilbome pathogens 
of economically important crops such as wheat (Smith et al., 2004) and 
strawberry (Lazzeri et al, 2003) due to allelopathic effects (Marquard and 
Walker, 1995). There is a correlation between the consumption of cruciferous 
vegetables and cabbage, with decreased risk of developing pancreatic cancer 
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(Larsson et al., 2006). The future prospects of oilseed crops could be 
engineered oils with enhanced health properties (Domergue et al, 2005) and 
proactive vegetables against cancer as "functional foods" or engineered oils for 
technical purposes as lubricants, plastics and detergents (Murphy and Mithen, 
1995; Poirier, 2001). 
Diseases on Brassica crops world wide 
Rapeseed-mustard crops are heavily attacked by various fungal pathogens and 
insects, and to some extent oomycetes, whereas bacterial and viral diseases 
have little effect on the yield. The relative importance of various pathogens 
varies with the locality and agronomic practices. Important diseases that occur 
at standing crop and seedling stage are enlisted in Table 5-7. 
The most devastating fungal diseases for Brassica crops are Verticillium 
wilt {Verticillium dahliae and Verticillium longisporum), Blackleg 
{Leptosphaeria maculans), leaf spot and blight [Alternaria brassicae and A. 
brassicicola), light leaf spot {Pyrenopeziza brassicae) and stem rot (Sclerotinia 
sclerotiorum) (Rimmer and Buchwaldt, 1995; Dixelius et al, 2004). In addition 
to these fungi, the oomycete white rust (Albugo Candida) affects B. rapa and B. 
juncea. Also, club root {Plasmodiophora brassicae), grey mold {Botrytis 
cinerea), white leaf spot {Mycosphaerella capsellae) and downy mildew 
(Hyaloperonospora parasitica) are found on oilseed Brassica crops and cause 
problems in some regions (Rimmer and Buchwaldt, 1995; Terwari and Mithen, 
1999). 
Bacterial diseases of Brassica crops include black rot {Xanthomonas 
campestris pv. campestris), soft rot (Erwinia carotovora) and bacterial leaf 
spot {Pseudomonas syringae pv. maculicola). There are approximately 11 
viruses affecting Brassica crops and cause significant yield loss in regions of 
China (Rimmer and Buchwaldt, 1995). 
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Table 5. Diseases of Rapeseed {Brassica napus L.) 
Causal fungus Symptoms 
Bacterial diseases 
Xanthomonas campestris pv. campestris (Pammel) 
Dowson 
Pseudomonas syringae pv. Maculicola (McCulloch) 
Young, Dye and Wilkie) 
Erwinia carotovora (Jones) Bergey et al. 
Pseudomonas marginalis pv. Marginalis (Brown) 
Stevens 
Xanthomonas campestris pv. Armoraciae 
(McCulloch) Dye 
Bacterial black rot 
Bacterial pod rot 
Bacterial soft rot 
Xanthomonas leaf spot 
Fungal Diseases 
Alternaria brassicae (Berk.) Sacc. 
A. brassicicola (Schwein.) Wiltshire 
A. raphani Groves & Skolko 
CoUetotrichum gloeosporioides (Penz. & Sacc. in 
Penz. 
C. higginsianum Sacc. in Higgins Glomerella 
cingulata (Stoneman) Spauld. and H. Schrenk 
Leptosphaeria maculans (Desmaz.) Ces & De Not. 
Phoma lingam (Tode:Fr.) Desmaz. 
Rhizopus stolonifer (Ehrenb.:Fr.) Vuill. 
Aphanomyces raphani Kendrick 
Rhizoctonia solani Kuhn 
Alternaria leaf spot 
and blight 
Anthracnose 
Black leg (leaf, root 
and stem rot) 
Black mold rot 
Black root 
Brown girdling root 
rot 
Cercospora brassicicola Henn. Cercospora leaf spot 
Plasmodiophora brassicae Woronin Clubroot 
Fusarium spp. 
Rhizoctonia solani Kuhn 
Damping off 
Peronosporaparasitica (Pers.:Fr)Fr. Downy mildew 
Fusarium oxysporum Schlechtend: Fr. f sp. 
conglutinans (wollenweb.) W.C. Snyder and H.N. 
Hans. 
Fusarium wilt 
Botrytis cinerea Pers.:Fr. 
Ascochyta spp. 
Leaf spot 
Pyrenopeziza brassicae Sutton and Rawlinson 
Cylindrosporium concentricum Grev. 
Light leaf spot 
Alternaria alternate (Fr.:Fr.) Keissl. Pod rot 
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Cladosporium sp 
Rhizoctonia solani Kuhn Head rot 
Myrotheciutn roridum Tode:Fr. 
Phyllosticta brasssicae Currey & Westend. = P. 
brassicina Sacc. 
Leaf spot 
Erysiphe polygoni DC. 
E. cruciferarum Opiz ex. Junell. 
Powdery mildew 
Mycosphaerella brassicicola (duby) Lindau in Engl. 
and Prantl 
Asteromella brassica (Chev.) Boerema and Van 
Kesteren 
Ring spot 
Sclerotinia sclerotiorum (lib.) deBary Sclerotinia stem rot 
Sderotium rolfsii Sacc. Southern blight 
Alternaria alternate (Fr.:Fr.) Keissl. 
Fusarium spp. 
Macrophominaphaseolina (Tassi) Goidanich 
Phymatotrichopsis ominvora (Duggar) Hennebert 
Phytophthora megasperma Drechs. 
Pythium debaryanum Auct. non R. Hesse 
P. irregular Buisman 
Rhizoctonia solani Kuhn 
Sderotium rofsii (Curzi) Tu and Kumbrough 
Root rot 
Albugo Candida (Pers.) Kunze White rust 
Pseudocercosporella capsellae (Ellis & Everh.) 
Deighton 
White leaf spot 
Alternaria spp. 
Fusarium spp. 
Gliocadium roseum (Link) Bainier 
Nectria ochroleuca (Schwein.) Berk 
Pythium spp. 
Rhizoctonia solani Kuhn 
Rhizopus stolonifer (Ehrenb.: Fr) Vuill. 
Sderotium rolfsii Sacc. 
Seed rot, damping off 
Urocystis brassicae Mundkur Root gall smut 
Verticillium longisporum (comb. Nov. Karapappa et 
al) 
Verticillium wilt 
Rhizoctonia solani Kuhn Wirestem 
Fusarium oxysporum Schlechtend.:Fr. Yellows 
Nematodes, Parasitic 
Meloidogyne spp. Root-knot 
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Heterodera cruciferae Franklin 
H. schachtii Schmidt 
Pratylenchus spp. 
P. pratensis (de Man) Filipjev 
Cyst nematode 
Lesion nematode 
Virus diseases 
Carmovirus, Turnip crinkle virus (TCV) 
Caulimovirus, Cauliflower mosaic virus (CaMV) 
Cucumovirus, Cucumber mosaic virus (CMV) 
Comovirus, Radish mosaic virus (RaMV) 
Potyvirus, Turnip mosaic virus (TuMV) 
Luteovirus, Beet western yellows virus (BWYV) 
Cytorhabdovirus, Broccoli necrotic yellows virus 
(BNYV) 
Crinkle 
Mosaic 
Yellows 
Phytoplasmal diseases 
Aster yellows phytoplasma Aster yellows and 
phyllody 
Miscellaneous diseases and disorders 
Genetic disorder 
Physiological 
Sulphur deficiency 
Calcium deficiency 
Autogenic necrosis 
Black speck 
Sulphur deficiency 
Tipburn 
Table 6. Diseases of rapeseed-mustard (Brassicajuncea L. Czern. & Coss.) 
Causal fungus Symptoms 
Bacterial diseases 
Xanthomonas campestris pv. Campestris (Pammel) 
Dowson 
Erwinia carotovora (Jones) Bergey et al. 
Pseudomonas marginalis pv. Marginalis (Brown) 
Stevens 
Xanthomonas campestris pv. Armoraciae 
(McCulloch) Dye 
Bacterial black rot 
Bacterial soft rot 
Xanthomonas leaf 
spot 
Fungal Diseases 
Alternaria brassicae (Berk.) Sacc. 
A. brassicicola (Schwein.) Wiltshire 
Alternaria black spot 
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A. raphani Groves & Skolko 
Colletotrichum gloeosporioides (Penz. & Sacc.) in 
Penz. 
C. higginsianum Sacc. in Higgins 
Leptosphaeria maculans (Desmaz.) Ces & De Not. 
Aphanomyces raphani Kendrick 
Cercospora brassicicola Henn. 
Plasmodiophora brassicae Woronin 
Fusarium spp. 
Rhizoctonia solani Kuhn 
Peronospora parasitica {Pers.:Fv)Fr. 
Rhizoctonia solani Kuhn 
Myrothecium roridum Tode:Fr. 
Phyllosticta brasssicae Currey & Westend. = P. 
brassicina Sacc. 
Erysiphe polygoni DC. 
Sclerotinia sclerotiorum (lib.) deBary 
Sclerotium rolfsii Sacc. 
Albugo Candida (Pers.) Kunze 
Pseudocercosporella capsellae (Ellis & Everh.) 
Deighton 
Rhizoctonia solani Kuhn 
Fusarium oxysporum Schlechtend.:Fr. 
Anthracnose 
Black leg (leaf, root 
and stem rot) 
Black root 
Cercospora leaf spot 
Clubroot 
Damping off 
Downy mildew 
Head rot 
Leaf spot 
Powdery mildew 
Sclerotinia stem rot 
Southern blight 
White rust 
White leaf spot 
Wirestem 
Yellows 
Parasitic Nematodes 
Meloidogyne spp. Root-knot 
Virus diseases 
Cauliflower mosaic virus 
Rai mosaic virus 
Turnip mosaic virus 
Mosaic 
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Table 7. Seedling diseases of rapeseed and mustard. 
Causal fungus 
Alternaria alternate 
Fusarium species 
F. acuminatum (Ell. and Ev.) 
Wr. 
F. equisetii (Cda) Sacc. 
F. poae (Pk) Wr. 
F. roseum LK. Emend. Snyder 
and Hansen 
F. solani (Mart.) Sacc. Emend. 
Snyder and Hansen 
F. tricinctum (corda) Sacc. 
Emend. Snyder and Hansen 
Gliocladium roseum (Link) 
Olpidium bassicae (Woro) 
Dang 
Pythium aphanidermatum 
P. butleri Subramanian 
P. debaryanum 
P. intermedium d By 
P. irregular Buis 
P. mamillantum Meurs 
P. polymastum Drechs. 
P. spinosum Sawada 
Rhizoctonia solani Kuhn 
Symptoms 
Root rot 
Stem rot 
Stem rot 
Stem rot 
Root rot 
Root rot 
Root rot 
Root rot 
Basal stem rot 
No visible 
symptom 
Pre and post 
emergence 
damping off 
Damping off 
Root rot 
Damping off 
Pre and post 
emergence 
damping-off 
Root rot 
Damping-off 
Pre and post 
emergence 
Damping off 
Damping off and 
seedling root rot 
Damping off and 
seedling blight 
Host plants ^ ~ —-^ ' ' 
Rape {B. campestris) 
B. hirta 
B.hirta 
B. napus 
Rape (5. campestris), 
Mustard (5. juncea) 
Rape 
Rape {B. campestris) 
Mustard {B. juncea) 
B. campestris w.toria 
Colza {B. napus), 
B. rapa oleifera 
Rape 
Mustard {B. juncea) 
Black mustard 
{B. nigra), Sinapis alba 
Mustard (B. juncea), 
B. perriridis 
Mustard 
Rape and other crucifers 
Rape 
Rape (B. campestris) 
^ 
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R. solani Kuhn 
R. napi 
Sclerotium rolfsii 
S. rolfsii {Pellicularia rofsii) 
Root rot and 
seedling root 
Dry root and 
bottom rot 
Damping off 
Dry rot 
Seedling rot and 
root rot 
Root rot 
B.juncea, B. perriridis 
Mustard {B.juncea) 
B. juncea 
Mustard {B. juncea) 
B. juncea, B. perriridis 
B. campestris 
Alternaria blight 
Alternaria blight caused by A. brassicae, A. brassicicola and A. raphani is one 
of the most widespread and devastating diseases of rapeseed-mustard (Kolte, 
1985; Mukerji et al, 1999). Occurrence of A. brassicae is more frequent than 
other two species and the fungus causes substantial losses to the crop (Kolte, 
1985; Mukerji et al, 1999; Prasad et al, 2003). Most of the rapeseed-mustard 
cultivars grown in India are highly susceptible to A. brassicae and above 
ground parts such as leaves, stems and pods are susceptible to the disease 
(Kolte, 1985; Prasad et al, 2003). Depending upon its severity, yield loss may 
range from 10 to 70% (Kolte, 1985; Chahal, 1986a; Saharan, 1991; Verma and 
Saharan, 1994). 
Distribution 
Three species of Alternaria viz., A. brassicae (Berk.) Sacc, A. brassicicola 
(Schw.) Wilts and A. raphani Groves and Skolko have been found to affect 
rapeseed-mustard throughout the world. However, A. brassicae and A. 
brassicicola are more destructive and economically important in causing the 
disease and yield loss to crop (Khan et al, 1998). It has been reported to occur 
widely in Canada (Seidle et al, 1995), England (Turner et al, 2000), Czech 
Republic (Plachka, 1996), Germany (Daebeler et al, 1986), Poland (Mrugas et 
al, 1998), Lithuania (Brazauskiene, 1998), Brazil (Cardoso et al, 1996), 
Pakistan (Jawad et al, 2000), Bangladesh (Meah et al, 2002), France, Holland, 
Srilanka, Spain, Sweden, Trinidad (Kolte, 1985), Eygpt (Abdou et al, 1991), 
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Taiwan (Huang and Chung, 1993) and India (Kolte, 1985, Mukerji et al, 1999; 
Kumar and Kolte, 2001; Prasada et al, 2003, Khan et al, 2010). 
In India, Alternaria blight is quite common on rapeseed-mustard in all 
growing regions of the country (Mukerji et al, 1999). However, in Northern 
India, it assumes serious proportions every year and is considered one of the 
severe yield destabilizing factors. 
Symptoms 
The symptoms of Alternaria blight are characterized by formation of spots on 
leaves, stem and siliquae (pods). All the three species of Alternaria i.e., A. 
brassicae, A. brassicicola and A. raphani produce more or less similar spots on 
rapeseed-mustard. The spots produced by A. brassicae are usually grey in 
colour compared to black sooty velvety spots of A. brassicicola, while A. 
raphani shows distinct yellow hales around them (Kolte, 1985, Saharan, 1992, 
Mukerji etal.,\999). In temperate countries, the seedling infection may also be 
seen with the appearance of black spot on cotyledons and hypocotyls followed 
by damping off and root rots (Kolte, 1985, Abdou et al, 1991). 
On leaves, the symptoms first appear on lower leaves as black points 
which later enlarge to form, round, concentric spots of various sizes. As the 
disease progresses, the lower leaves defoliate and subsequently the spots 
appear on the middle and upper leaves. On the upper leaves, the spots tend to 
remain smaller in size with or without the concentric ring pattern. Several 
lesions on the leaves unite to cause blighting and defoliation under humid 
conditions (Kadian and Saharan, 1984, Kolte, 1985). On leaves of various 
crucifers A. brassicae forms circular zonate, light brown to greyish or dark 
brown spots, 0.5 to 12.00 mm in diameter. The lesions coalesce frequently and 
the surrounding tissue becomes chlorotic. However, the spots of ^ . brassicicola 
are dark brown to almost black, circular, concentric rings, zonate spots, 1-10 
mm in diameter. A. brassicicola is more common in occurrence and cause 
severe losses to crucifers in comparison to A. brassicae. This causes damage to 
cabbage and cauliflower greater than mustard and rapeseed. The spots become 
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linear or oblong on the mid ribs of the leaves and are sunken. It attacks both 
mustard and rape and can also infect broccoli, cabbage, cauliflower, horse-
radish, kohlrabi, radish and turnip. This disease occurs almost all over the 
world (EUes, 1970). 
On stem, spots become visible in the form of black streaks with or 
without necrotic gray centers and then expand but remain usually elongated 
with pointed ends. In severe attacks whole plant may wither before many of the 
pods have formed or matured (Kolte,1985; Saharan, 1992; Mukerji et al, 
1999). 
The spots are round, black and quite conspicuous on the pods of toria, 
yellow sarson and brown sarson and these spots coalesce turning the whole of 
the pods completely black (Kolte 1985, Kadian and Saharan 1984, Mukerji et 
al, 1999). Deep lesions on the pods cause infection on the seed. Such infected 
seeds remain small in size shriveled and show grey to brown discoloration. 
The Pathogen 
Three species of Alternaria i.e. A. brassicae, A. brassicicola and A. raphani 
have been found to be associated with rapeseed-mustard and cause Alternaria 
blight (Fig 3). A. brassicae and A. brasssicicola are more widespread and 
devastating than other species on this crop (Khan et al., 1998). The Alternaria 
species are readily distinguished by their spore size as well as by the symptoms 
produced on the host plants (Kolte, 1985; Mukerji et a/., 1999). 
Inside host tissues the septate mycelium of A. brassicae appears as 
yellowish brown in colour and septate conidiophores as chestnut brown to 
greyish olive in colour. Conidia are formed singly or in chains of upto four 
acropleurogenous, arising through small pores in the conidiophore wall, 
straight or slightly curved, obclavate, rostrate, muriform with 6-19 (usually 11-
15) transverse and 0-8 longitudinal or oblique septa, pale or very pale, olive or 
greyish olive, smooth or infrequently, very inconspicuously inwarted, 75-350 
//m long and usually 20-30 //m wide in the broadest part, the beak tapering 1/3 
or 1/2 the size of the conidium and 5-9 |^ m wide (Elles, 1971). 
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Altemaria brasstcae 
fe 
Altetnatia brassicicola 
Figure 3. Conidiophores and conidia oiAlternaria brassicae (A and B) and A. 
brassicicola (C and D). 
Conidia of A. brassicicola are always formed in chains of upto 20 or 
more, sometimes the chains are firked/branched, acropieurogenous, arising 
through small pores in the conidiophores wall, straight nearly cylindrical, 
usually tapers slightly towards the apex or are obclavate. The basal cell is 
rounded, while the apical cell is more or less rectangular or resembles a 
truncated cone, occasionally better developed but then always short and thick. 
There are 1-11, mostly less than 6 transverse septa and usually few longitudinal 
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septa. The cell is often slightly constricted at the septa, pale to dark olivaceous 
brown, smooth or becoming slightly warted with age, 10-130 ^m long and 8-
20 jum wide in the broadest part, indistinct beak when present it is 1/6-1/10 the 
length of the conidium and 6-8 jum wide (Elles, 1971). The effect of nutrition 
on the morphology and physiology of the fungus in vitro has been worked out 
(Gupta et al, 1969, 1970; and Prasada et ai, 1970). A temperature of 25°C and 
relative humidity greater than 90% are the most congenial (for conidial 
germination) (Gupta et al., 1969, 1970). High light intensity (>1000 lux) 
reduces conidial germination in^. brassicae (Kadian 1982; Gupta et al., 1970; 
Mukadam and Deshpande 1979a; Mukadam and Deshpande, 1979b). 
Germinating conidia of both the species can hydrolyse carbohydrates 
(Mukadam and Deshpande, 1979b). A comparative nutritional study of A. 
brassicae, A. brassicicicola and A. raphani has been made (Verma and 
Saharan, 1993). Husain and Thakur (1966) reported production of toxin by A. 
brassicae. Recently the role of toxin (destruxin B) in pathogenesis has been 
worked out in quite detail (Tewari, 1985; Verma and Saharan, 1993). 
Disease cycle 
It is believed thai Alternaria survives on plant debris (Chahal and Kang, I979d; 
Saharan 1992a), soil (Gupta and Saxena, 1984; Vanterpool 1960) and weed 
host (Kolte, 1985; Saharan 1992a; Saharan et al., 1982; Vanterpool 1960). A. 
brassicae may survive in plant debris in the field at a depth of 7.5 cm in the 
form of microsclerotia and chlamydospores formed in the infected leaves 
(Tripathi et al., 1980). A brassicae may also survive in seed although this mode 
of survival and dispersal is not very significant (Chahal and Kang 1979a). 
Spores disperse through air, splashes and rain drops. The primary Infection 
appears on the cotyledonary leaves forming the sources of secondary infection 
for the entire crop. A wetness period of 4 h is required for germination of 
spores and tissue invasion. Increase in leaf wetness period at 25°C increases 
infection and the disease spreads rapidly (Kadian and Saharan, 1984). In 
presence of favorable temperature conditions and dew, the spores are blown 
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about to infect other parts of the plant. The infection occurs through the 
stomata and under favorable climatic conditions the new lesions arise within 4-
6 days bearing spores (Fig. 4). The pathogen penetrates the tissues of the pods 
and infects the seed. Chahal and Kang (1979c) reported changes in free amino 
acids and sugars in the leaves of brown sarson infected with A. brassicae. 
A. brassicae besides reducing photosynthetic area, triggers defoliation 
and accelerates senescence causing the plants to ripe prematurely. Also 
depending on the level of infection there may be considerable seed losses due 
to premature shattering of the fruits. 
Epidemiology 
The congenial factors for germination of Alternaria spore are darkness 
or low light intensity, 25°C temperature and more than 90 % relative humidity. 
At least a period of 4 hrs of leaf wetness is essential to initiate infection in the 
host plant. Increase in the period of leaf wetness at optimum temperature 
increases infection intensity on the leaves (Kadian, 1982 and Kadian and 
Saharan, 1984; Doullah et al, 2006; Sangeetha and Siddaramaiah, 2007; 
Lawrence et al, 2008; Kohl et ah, 2010). The susceptibility of the host 
increases with the age of the plant (Sarkar and Sen Gupta, 1978). 
Mukadam and Deshpande (1979a) observed that the spores oi A. brassicae 
produced under higher light intensities and at above optimum temperature had 
low germination rate and viability. Singh (1980) noted that 22°C is the 
optimum temperature for growth and sporulation oi A. brassicae. However, 
Degenhardt et al. (1982) noticed that lower temperature (15°C) favoured the 
growth of A. brassicae, but slightly higher temperature is needed for conidia 
germination (Kadian, 1982), the conidia of ^. brassicae germinate well at 
25°C. 
In an another study, Saharan and Kadian (1984) reported that the host 
susceptibility increase with the age and disease readily progress at 12-25°C 
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temperature under field conditions, However, Ansari et al. (1988) found that 
spore germination of ^ . brassicae increase at temperatures from 5 to 23°C, 
germination being optimum at 23°C. The lower and higher temperature or 
below optimum decreased germination rate. 
Contrary to this, Sinha et al. (1992) reported that Alternaria blight of 
rapeseed-mustard was severe under field conditions at 8 to 12°C (minimum 
temperature) and 21-26°C (maximum). In another study, Mridha et al. (1993) 
found that the infection of A. brassicae on rapeseed-mustard significantly 
increased at optimum temperature and leaf age. On older leaves infection was 
optimum at 25°C, and on pods at 20°C. The infection also occurred at lower 
range of temperature (15-20°C) and at higher, 29°C, but relatively few 
infections were recorded at 10°C. 
The physiological variations in A. brassicae in relation to their growth, 
sporulation and cultural characteristics were also studied on different culture 
media by various workers (Prasada et al, 1970; Ansari et al, 1988; Kumari et 
al, 1998). Ansari et al. (1988) in their study concluded that A. brassicae grew 
and sporulated well on a wide range of media, but the fungus showed variation 
in colony characteristics on different culture media, Potato dextrose agar 
medium proved to be best for its growth. In another study, Kumari et al. (1998) 
studied the cultural and physiological parameters of 4^. brassicae on different 
culture media and concluded that Richard's medium both in its solid and liquid 
state, supported maximum mycelial growth and sporulation of the fungus 
followed by Glucose asparagine medium. 
The favourable environmental factors for disease progress under field 
conditions have been reported as 12-25°C temperature (Mukadam and 
Deshpande, 1979a; Sharma et al, 1985; Ansari et al, 1989b; Shrestha et al, 
2005; Sangeetha and Siddaramaiah, 2007) more than 70% relative humidity 
with intermittent winter rains and wind velocity around 2-5 km/h (Dey, 1948; 
Chahal and Kang, 1979b; Saharan et al, 1981; Kadian, 1982; Saharan and 
Kadian, 1984; Shrestha et al, 2005; Doullah et al, 2006; Sangeetha and 
Siddaramaiah, 2007; Lawrence et al, 2008; Kohl et al, 2010). Closer spacing 
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(35 X 15 cm), high doses of nitrogen (80 kg nitrogen/hect.) and frequent rains 
or irrigation may increase disease at faster rate (Kadian, 1982; Saharan, 1991) 
Planting time has great influence on the incidence of the disease on mustard 
crop. 
Morphological and physiological variations in Alternaria spp. 
One of the most significant aspects of the biology of an organism is the 
morphological and physiological characters of an individual of a species. This 
holds true for fungi also, although in asexually producing individuals 
frequency and degree of variability among the progeny are not frequent. 
Certain individuals, however, show variability in morphological and 
physiological traits indicating existence of different pathotypes. There are 
number of reports on the existence of variability in A. brassicae on the basis of 
morphology (Prasada et al, 1970; Kumar et al, 2003; Mehta et al, 2003), 
sporulation (Ansari et al, 1989a), growth and cultural characteristics and 
reaction on a set of host plants (Awasthi and Kolte, 1989; Vishwanath and 
Kolte, 1997; Kumar et al, 2003; Mehta et al, 2003). 
Vishwanath and Kolte (1997) made an attempt to study the variability 
among the three isolates of A. brassicae in relation to their response to some 
host genotype, toxin production and fungicides. They noted the differences in 
the virulence, toxin production and response to the fungicides among isolates 
of A. brassicae. In another study, Kumar et al (2003) investigated the 
morphological and pathogenic diversity of 15 isolates of ^. brassicae and 
observed marked differences among the isolates in terms of conidial length, 
breadth, and number of septation. They further showed differential host 
response against seventeen hosts under green-house conditions. 
Mehta et al (2003) also studied morphological and pathological 
variations in A. brassicae isolates collected from diverse agro-climatic zones, 
particularly northern parts of India. They found that the isolates differed 
morphologically and behaved differently in their virulence, exhibiting 
pathogenic variability when inoculated on differential hosts. These variations 
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clearly revealed the existence of morphological and pathological variability in 
A. brassicae causing Altemaria blight of rapeseed-mustard. A perusal of 
literature revealed that variations in cultural characteristics (Ansari et al, 1988; 
Saharan, 1991), radial growth (Khan et al, 2007a) and sporulation of ^. 
brassicae (Sharma et al, 2002) has been recorded in different environmental 
conditions as well as on different sources of nutrition (Gupta et a/., 1969; 
Prasada et a/., 1970; Gupta et al.,\970; Nehemiah and Deshpande, 1977; 
Kadian and Saharan, 1984; Kolte, 1985; Ansari, 1987; Kumari et a/., 1998). 
Effect on seed germination and plant growth 
Seed germination was adversely affected in Indian mustard (Brassica juncea) 
and Rape (B. napus) at infection levels of 3 to 5, and in B. campestris at levels 
2 to 5 (Kumar, 2001). The relationship between yield loss and A. brassicae 
disease severity was studied in a field experiment by Burman and Bhagawati 
(1995). They found that severely infected plants yielded fewer seeds as 
compared to the healthy plants. 
Infection by Alternaria spp. generally leads to increases in the green 
seed counts in B. rapa and cause seed shrivelling and substantial yield 
reduction in crops such as B. rapa and B. napus (Seidle et al., 1995). Pod 
infection resuhs in greater losses compared to the leaf infection. Losses due to 
pod infection have been found to be heavier in B. campestris than other 
Brassica spp. A. brassicae caused maximum average yield loss of 28% in 
yellow sarson, 25% in brown sarson, 20% in Indian mustard, \1% in B. napus 
L. and \\% in B. carinata L. in Himachal Pradesh (Kumar, 1997). Gupta et al. 
(1998) studied the change in fatty acid composition of siliquae wall and seeds 
of Indian mustard {B. juncea (L.) Czern. & Coss.) infected with A. brassicae 
and A. brassicicola found that erucic acid content decreased while linoleic acid 
increased while linoleic acid remained unchanged in the seeds. Disease 
increased palmitic acid and oleic acid in the siliquae. However, affect on 
palmitic acid in seeds was noticed, but oleic acid was lower in diseased seeds 
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than in healthy seeds. Ram and Chauhan (1998) estimated 28.6 to 71.4% loss 
in yield. 
Meah et al. (2002) found quantitative relationships between yield of 
mustard {Brassica campestris cultivar B1NA2) and disease parameters of 
Altemaria blight in five field trials (four in 1997-98 and one in 1998-99) under 
natural conditions in Bangladesh. They observed that seed weight in g/m^ was 
linearly related to disease severity, assessed at 65 days of growth stage. 
Though the observations recorded during field surveys on the incidence 
of Alternaria blight of rapeseed-mustard in different parts of the world 
including India, clearly revealed that among 3 different species of Alternaria, 
A. brassicae is more common and destructive (Jalaluddin et al, 1993; Cardoso 
et al, 1996; Plachka, 1996, Fitt et al, 1997; Brazauskiene, 1998). In general, 
the losses in yield due to Alternaria blight depend on several factors such as 
disease severity (Burman and Bagwati, 1995), agro-climatic conditions (Mcgee 
and Emmett, 1977; Seidle et al, 1995), sowing dates (Awasthi and Kolte, 
1994; Dasgupta et al, 1991) host-species (Tripathi et al, 1987; Seidle et al, 
1995; Kumar and Thakur, 1996) weather conditions (Dang et al, 1995; Seidle 
et al, 1995; Kolte, 1985; Mukerji et al, 1999) and successive cropping of 
susceptible host species (Dang et al, 1995; Koscik and Kowalczyk, 1998). 
Yield Losses 
Alternaria blight has become a major disease of rapeseed-mustard crop in 
terms of yield losses. Besides the reduced photosynthetic leaf area due to 
infection, siliquae are also directly affected by the disease and results in severe 
yield losses. The quality of seed i.e. seed size, colour of the seed, oil contents 
and its germination capability are adversely affected due to Alternaria infection 
(Kaushik et al, 1984). The shrunken and discoloured seeds in turn fetch lower 
prices for the commercial produce (Chahal and Kang, 1980; Kolte, 1985). 
Depending on the disease severity the yield losses was ranging 10-70% 
(Degenhardt et al, 1974; Kolte, 1985; Chahal, 1986a; Abdou et al, 1991; 
Kumar and Thakur, 1996) were recorded. 
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Losses due to Alternaria blight in rapeseed-mustard are mainly related 
to its prevalence on siliquae, as it causes shattering, discolouration and 
shriveling of the seeds (Chahal and Kang 1979a). About 30-48% yield losses 
have been reported in different countries of the Indian subcontinent (Fakir, 
1980; Das Gupta, 1989; Das Gupta et al, 1991). The incidence of 50% of the 
blight disease on pods is recognized as a natural calamity. Losses due to pod 
infection are heavier in yellow sarson {B. campestris) followed by brown 
sarson and raya. Deep lesions on the pods increase seed infection and decrease 
pod length, seeds/pod, 1000 seed wt., seed germination and oil content (Kadian 
and Saharan, 1985). Kaushik et al. (1984) reported the direct loss of yield, due 
to adverse effect on seed quality through reduction of seed size, colour and oil 
content. 
The reports from India, particularly from the northern parts of country 
indicate that insusceptible cultivars may exhibit upto 70% yield loss due to the 
disease, being maximum in B. campestris var. yellow sarson or B. campestris 
van brown sarson (Kolte, 1985; Mukerji et al, 1999; Kumar et al, 2003). The 
infection by A. brassicae may reduce the yield by 43-46%) in B. campestris 
yellow sarson (rape) and 35-38% in B.juncea (mustard) (Chahal, 1986b, 1995; 
Kolte, et al, 1987; Dasgupta et al, 1991; Khan et al, 1991a; Kumar and 
Thakur, 1996; Kumar, 1997; Kumar and Kumar, 2001; Prasad et al, 2003; 
Shrestha et al, 2005). 
Oil contents are considerably decreased due to infection by Alternaria 
spp. Ansari et al. (1988) reported that oil contents of seeds from rapeseed 
heavily infected by A. brassicae decreased by 15-36% while in mustard the 
loss ranged from 14-29% depending on the cultivar. Jain (1992) reported a 
decrease of upto 56% in the oil content of certain cultivars of yellow sarson 
and may go upto 70% under favourable environmental conditions for the 
pathogen. Verma and Saharan (1994) reported a yield loss of 10-75% in 
oilseed brassicas in India. 
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Physiology and biochemistry of infected plants 
Dought et al. (1996) observed the release of 3-butenyl and 4- pentenyl 
isothiocyanates, dimethyl disulphide, dimethyl trisulphide, 4-oxoisophorone 
and a number of sesquiterpenes in B. rapa infected with A.brassicae. 
Fan and Koller (1998) observed that two serine esterases with 
cutinolytic activity and molecular masses of 52 kDa and 26 kDa were 
constitutively released by the germinating conidia of A, brassicicola on 
cabbage leave surfaces. The enzymes expressed during initial (24h) contact of 
conidia with cutin on host surfaces freed from wax and with cutin in aqueous 
suspensions. However, contact with cutin had no immediate effect on the 
expression of CUTAB 1, a gene encoding two cutinase isozymes with crucial 
functions in the saprophytic utilization of cutin. The differential induction of 
cutinolytic esterases indicates a sequential recognition of cutin as a barrier to 
be penetrated and to be utilized as a carbon source in saprophytic stages. 
Berto et al. (1999) detected an 80-kDa lipase (d-serine esterase) in water 
washings of ungerminated spores of A. brassicicola which cross reacted with 
polyclonal antibodies raised against a 60 kDa Botrytis cinera lipase, while no 
immunological cross reactivity was detected with 21 and 23 kDa cutinases 
from A. brassicicola spore washings and purified lipase were reduced by 50 
and 90%, respectively, with the addition of the anti lipase antibodies to the 
assay mixture. The ability of the fungus to cause leaf symptoms decreased 
drastically (88%) when anti lipase antibodies (384 fig raf') were added to the 
conidial suspension prior to inoculation of leaves but could not prevent 
infection in dewaxed cauliflower leaves. 
Toxin Production 
Toxin is released from germinating spores of A. brassicicola on Brassica 
leaves. The production of toxins during spore germination is significant, 
because such toxins play an important role in host recognition at the site of 
initial contact of the germinating spores and host surface. HV-toxin (Nishimura 
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and Scheffer, 1965), HC-toxin (Dunkle et al, 1991; Yoder, 1980) and many 
Alternaria HSTs (Nishimura and Kohmoto, 1983; Otani and Kohmoto, 1992) 
have been reported to be released. In the genus Alternaria, nine of HST-
producing races have been reported so far (Kohmoto et al, 1995; Otani et al., 
1996; Otani et al, 1995). Almost all Alternaria HSTs have been isolated and 
their structure has been determined (Otani et al, 1996). They are low 
molecular weight secondary metabolites. 
The toxic activity of SGF of A. hrassicicola was retained by the 
ultrafiltration membrane with a 5 kDa cut off (Otani et al, 1998). The activity 
was abolished by heat and was lost by treatment with proteinase K. The toxin 
was purified by ion exchange chromatography and gel filtration HPLC, and its 
molecular weight was estimated to be 35kDa by SDS polyacrylamide gel 
electrophoresis. The purified toxin significantly affect the Brassica leaves at 
concentration of 0.5 fig ml"', while non host leaves were not affected even at 
50 fig ml"' indicating that the toxin is highly host specific (Parada et al., 2007). 
ABR-toxin was produced by A. brassicae in SGF collected from host leaves, 
but not from SGF collected from non host leaves or petriplates, indicating that 
host factors may be involved in ABR-toxin production (Parada et al, 2008). A 
similar host requirement has been reported for production of AB toxin (Otani 
et al, 1998) and AP toxin (Quayyum et al, 2003). Recently, Oka et al (2005) 
reported that production of AB toxin by germinating spores of ^. hrassicicola 
is induced by recognition of a host derived oligosaccharide of 1.3 KDa. The 
same oligosaccharide derived from host leaves may be involved in the 
production of ABR toxin by germinating spores of ^ . brassicae. 
Vishwanath and Kolte (1997) studied the variability among the three 
isolates o{A. brassicae (A, C and D) affecting oleaginous crucifer response to 
toxin production. They observed that there were significant differences into 
toxicity of 3 isolates. Isolates A caused more severe symptoms than the isolates 
C and D at 1:10 and 1: 100 dilutions. However, toxin of isolate C produced 
significantly greater symptom severity Raphanus sativa cv. Fodder. Toxins 
from A and C isolates did not produced severe symptoms on Eruca sativa cv. 
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Local; whereas toxin from D isolate produced maximum symptoms on E. 
sativa but no symptoms were produced on the leaves of other cultivars. Toxin 
from the isolate A significantly suppressed seed germination and plumule and 
radical growth in comparison to toxins from isolates C and D indicating that 
toxin from isolate A was more toxic than that of C and D at 1:10 and 1:100 
dilutions. Six new fusicoccane like diterpenoids, brassicincene A to F were 
isolated from the liquid culture of .4. brassicicola (MacKinnon et al, 1999). 
Otani et al. (1993) reported a toxin which was unlike other Alternaria host 
specific or host selective toxins (HSTs). The toxin was probably a protein and 
was named AB-toxin. 
Disease Management 
Clonal resistance 
Host plant resistance is the logical approach for minimizing the crop losses 
caused by pathogens. Donors for gene resistant to Alternaria blight are rare in 
the germplasm available, which deter the development of resistant/tolerant 
cultivars against leaf blight fungus. Greater degree of horizontal resistance 
against A. brassicae was recorded in B.juncea cv. Tower and RC781 (Saharan 
and Kadian, 1983). Vishwanath and Kolte (1999) evaluated germplasm of 
oilseed Brassica for resistance to Alternaria blight. Out of total 350 germplasm 
lines in different oilseed Brassica species, 22 germplasm lines showed <1 
infection score on a 0-5 rating scale indicating high degree of resistance to 
three distinct isolates of A. brassicae, A, C and D. In B. juncea the most 
resistant germplasm lines were PHR-1, PHR-2 and Divya, whereas in B. rapa 
only CBTS-7B was resistant. Turnip red and turnip white {B. rapa spp. and B. 
rapifera) also showed a high degree of resistance against all the three isolates 
of A. brassicae. Isolate A was followed by isolate C in production of 
susceptible reaction on most germplasm lines, but isolate D was moderately 
resisted by most germplasms indicating virulent nature of isolates A and C and 
avirulent nature of the isolate D. 
92 
The effect of method of inoculation on resistance to Alternaria blight of 
rapeseed and mustard was studied by Vishwanath and Kolte (1999). Four 
methods of inoculation viz., seed inoculation, cotyledonary leaf inoculation, 
detached true leaf inoculation and detached green pod inoculation were 
evaluated using 1 i different germplasm of five different Brassica spp. and 
three isolates of/4. brassicae. Among the 4 methods of inoculation, detached 
true leaf inoculation was found more efficient and reliable. A. brassicae isolate 
A was found to be the most virulent, isolate C was moderately virulent and 
isolate D was the least virulent. Two of B. juncea, PHR-1 and PHR-2 showed 
consistently less infection indicating their tolerance to A. brassicae. Isolate A 
was most virulent showed a positive correlation with detached true leaf and 
green pod inoculation methods, whereas the least virulent (avirulent) isolate D 
did not showed any significant correlafion with respect to all the 4 methods of 
inoculation used. 
Kolte et al. (2000) reported that B. juncea cv. Divya could be used to 
create dwarf, early maturing, resistant and black spot disease (BSD) tolerant 
varieties of oilseed brassicas. Dang et al. (2000) reported that seven 
varieties/genotypes {B. alba (Sinapis alba), B. carinata (HC-1), B. juncea 
(Dir-1507 and DIR-1522)} and B. napus (GS-7027) (Midas and Tower) had 
stable and mulfiple disease resistance. 
Gupta et al. (2001) evaluated 45 genotypes of Indian mustard {B. 
juncea) for resisitance against white rust and Alternaria blight and suggested 
that the genotypes DHR-9204, EC-129126-1, PR-8805 and RC 781 were 
moderately resistant to Alternaria blight and might be used for developing 
Alternaria resistant cultivars. Kumar and Kolte (2001) invesfigated progress of 
Alternaria blight in nine genotypes of Indian mustard in relation to different 
parameters, viz., number of spots, size of spot, sporulation, disease index, 
apparent infection rate, area under disease progress curve (AUDPC), leaf 
defoliation and effect on yield potential (under field conditions) for two 
consecufive years (1997-98 and 1998-99). They found all the components of 
resistance were positively correlated with each other. The yield potential was 
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negatively correlated with all the components except leaf defoliation. The 
genotypes PR-8988 and PR-9024 showed reduced number of spots (4.36-
15.89), smaller spot size (2.12-6.17 mm), lower sporulation rate (0.30-1.84) x 
10^  conidia), lower disease index (36.5-42.2%), reduced apparent infection rate 
(R=0.047-0.080), less values of AUDPC (45.4-126.7) on leaf and pod 
respectively along with reduced leaf defoliation (38.4-44.4%) in comparison to 
susceptible genotype Varuna. Therefore these genotypes showed higher degree 
of resistance or slow blighting. The development and progress of Alternaria 
blight was slower in the case of PR-8988 and PR-9024 in comparison to the 
others used in the study. Genotypes RR-9301 and PR-9650 were found highly 
susceptible to the disease, as the development of the blight was faster on them 
than on Varuna. The yield of the genotype Kranti was the highest (14.01q ha"') 
followed by genotypes PR-90245 (11.14 q ha''). 
Disease stress tolerance index (DSTl) can be effective criteria for 
assessing the disease tolerance of Indian mustard (Gupta et al, 2002). The 
genotypes Rajat, Kranti and RH 781 following normal sowing and Rajat, RL 
1359, and Kranti following late sowing performed better in both conditions, 
under no disease stress and disease stress environments. Yield under controlled 
environment (Yp) was positively correlated with yield under disease stress 
environment (Ys), mean productivity (Mp), disease tolerance (ToL), geometric 
mean productivity (GMP) and disease stress tolerance index (DSTI) under 
normal sown conditions, whereas, under no disease stress environment (Yp) 
had a positive association with yield under Ys, MP, GMP and DSTl under late 
sown conditions. 
Kumar and Kolte (2006) assessed the development of Alternaria blight 
in relation to disease resistance components in nine genotypes of Indian 
mustard under field conditions. Genotype PR 8988 and PR 9024 exhibited 
slow blighting and had lowest number of spots per leaf and lowest disease 
index on leaves and pods. The maximum disease development was recorded 
after 62 to 72 days of sowing on leaves and from 100 to 110 days after sowing 
(DAS) on pods. 
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Biological control 
Very limited information is available on tlie biological control of Altemaria 
blight. Preliminary studies with the actinomycete fungus, Streptomyces 
arabicus, have shown antagonistic effect on A. brassicae and A. brassicicola 
under laboratory (Sharma et al., 1984; Sharma et al, 1985) as well as field 
conditions (Sharma e/a/., 1984; Sharma et al, 1985). Vishwanath et al. (1999) 
demonstrated that pre inoculation with A. brassicae isolates D (AbD) (24 hours 
prior) to inoculation with isolate A of ^. brassicae (most virulent) and isolate 
C (mild virulent), reduced disease severity on leaves and suggested the 
involvement of defense related compounds. Kaur et al. (2003) found that pre-
treatment of cotyledons with avirulent isolate of A. brassicae (D) provided 
maximum protection to mustard plants against foliar diseases including 
Alternaria blight. They conducted the experiment with 5 biotic agents. Among 
these agents, only application of AbD (3 day) before inoculation with the 
pathogen produced small necrotic microspores, which were able to activate the 
host defense responses because of the fact that necrotization is a key factor in 
systemic acquired resistance. 
Chemical control 
Many fungicides have been evaluated for the management of A. brassicae. 
Ansari et al. (1990) tested eighteen fungicides against yl. brassicae in artificial 
cultures, infected seeds, and as a foliar spray on infected plants of B. 
campestris cv Yellow Sarson (a highly susceptible rape cultivar). It was found 
that seven fungicides Benlate @ 0.1 lb a.i./lOO gal, Dithane M-45, Dithane Z-
78, Ziram, Difolatan-80 and Thiram (all @ 0.2ib a.i./lOO gal), and Blitox-50 @ 
0.31b a.i./lOO lb seed provided the best control with loss of 4.5 pre-emergence 
seedlings and 6.5 post-emergence seedlings per pot (25 seeds planted in each 
pot). Dithane M-45 and Dithane Z-78, both applied at 0.2 lb a.i./lOO gal seed, 
had a mean pre-emergence seedling loss of 10.5 and 11.25, respectively and 
post- emergence seedling loss of 11.5 and 13.75, respectively. As a foliar 
spray, Dithane M-45 (0.2 lb a.i/100 gal) provided significantly better control 
over other fungicides, including Benlate. Dithane M-45 was better than 
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Dithane Z-78 (0.2 lb a.i./lOO gal), although the difference was not significant. 
Plants treated with these two fungicides also provided the highest seed yields. 
Mukherjee et al. (2003) evaluated the efficacy of iprodione against 
Alternaria blight infecting Indian mustard cv. Pusa bold, during 1998-2000. 
Iprodione was sprayed on plants @ 500 g a.i./ha during the early pod stage. 
The results revealed that Iprodione is more effective than mancozeb in 
reducing of Alternaria blight over control (mancozeb). It was also observed 
that the increase in Indian mustard yield in Iprodione treated plots was 24-59% 
higher than that the control plots. 
Singh and Singh (2005) studied fiangicidal management of Alternaria 
blight of mustard caused by A. brassicae and A. brassicicola. Seed treatment 
with Apron 35 SD@06 g Kg"'was found to give marginal disease control, 
although it was significantly superior, ith cost benefit ratio of 1:8.8 was 
obtained over untreated control. Seed treatment combined with three foliar 
sprays of Mancozeb 75% W.P (0.2%)) at 15 days interval beginning 45 days 
after sowing, resulted in lowest Alternaria blight, highest seed yield and cost 
benefit ratio of 1:5.2. Cultivar NDR 8501 performed best under unprotected 
and Varuna under protected condition, former giving higher seed test weight. 
Singh et al. (2006) studied the management of Alternaria blight of mustard 
through six seed dressing fungicides viz., metalaxyi, carbendazim, mancozeb, 
thiophanate methyl, iprodione and BAS 38601 F (a seed dressing fungicide, 
40%) carbendazim + 32%) mancozeb) in combination with mancozeb spray 
(0.25%)). All seed treatments improved germination and reduced disease 
intensity. Seed treatment with mancozeb and thiophanate methyl was also very 
effective. Highest yield was recorded with iprodione (16-17 q/ha) and 
mancozeb (26- 31 q/ha). 
Above informations on various aspects have revealed that Alternaria 
leaf blight is an economically important and prevalent disease of mustard. 
Mustard plants are also quite sensitive to SO2 at concentrations that may occur 
in Indian environment around coal fired thermal power plants and other SO2 
sources and exhibit visible foliar injury. The available literature on pollutant 
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pathogen interaction has shown that severity of plant disease and host 
susceptibility of host plants may vary under SO2 polluted environments 
depending on the concentration of the gas and duration of exposure. 
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Isolation of Alternaria species 
Infected leaves, stems and pods of rapeseed-mustard, B. juncea showing 
circular, grey to sooty velvety concentric spots were collected from the 
farmer's fields and brought to the laboratory for the isolation of J. hrassicae 
and A. hrassicicola (Fig. 5). Petri plates having sterilized solidified PDA were 
inoculated with the infected leaf tissue under laminar flow. The plates were 
incubated in a B.O.D incubator at 25±2°C for 72 hours. Colonies of Alternaria 
were identified on the basis of conidial characters. The pathogens, A. brassicae 
and A. hrassicicola were isolated and purified by single spore technique as 
described by Toussoun and Nelson (1976) and maintained on PDA slants for 
further studies. 
Figure 5. Lesions caused by Alternaria species on leaves and siliqua of Indian 
mustard. 
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The morphological characters such as length, breadth and number of 
septation of the isolates were recorded from 15 days old culture and compared 
with the standard culture of ^ . brassicae and J. hrassicicola obtained from the 
Division of Mycology and Plant Pathology, Indian Agricultural Research 
Institute, New Delhi, India to make to confirm the identity. Pure culture of ^. 
brassicae and A. brassicicola were maintained in 6 inches culture tubes and 
stored in a deep freezer at 5°C. 
Inoculum of the pathogens 
Pure culture of A. brassicae and A. brassicicola was maintained in culture 
tubes and Petri plates containing Potato Dextrose Agar (Fig. 6). Inoculum of 
pathogens was prepared in Richard's liquid medium in 500 ml conical flasks 
(Fig. 7). The flasks containing 300 ml liquid medium were inoculated with the 
pure culture oi A. brassicae and A. brassicicola and were incubated in a BOD 
incubator at 25 ± 2°C for a week. Thereafter, the mycelial mat was collected 
from the flasks and blended in distilled water to make a homogenous 
suspension of spores. The spores were counted under compound microscope 
with the help of haemocytometer. The suspension was standardized to 10^  
CFUs/ml by adding distilled water. 
Figure 6. Culture tubes containing pure culture of Alternaria brassicae (A) 
and A. brassicicola (B). 
99 
Fig 7. Conical flasks containing pure culture of Alternaria brassicae (A) and 
A. hrassicicola (B) on Richard's liquid medium. 
Exposure System 
The exposure system (Fig. 8) used to expose plants to SO2 consisted of 
exposure chambers, SO2 gas cylinders with double stage regulator and SO2 
analyzer which are detailed as under. 
5t ^^  
1 
1 
Figure 8. Simulated exposure facility. 
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Exposure chamber 
Cylindrical exposure chambers of 2.5x2 m dimension (Diameter x 
height) with open top were used to expose plants to SO2 (Fig. 9). The exposure 
chambers were in a dynamic state and there was no stagnation of air in any 
part. The wall of the chambers upto 1.25 m height was double layered. The 
inner layer was perforated by 1 cm diameter numerous pores for release and 
dispension of air-S02 mixture into the chamber. A blowing assembly 
consisting of a high speed fan blower (3000 rpm) was fitted to blow the gas 
mixture into double layered wall with a speed high enough to release the gas 
through inner layer perforations, and uniformly dispense the gas into the 
chamber space. On average air flow rate inside the chamber at different 
locations and heights was 0.2-0.5 m/s and total replacement of air inside the 
Figure 9. Exposure chamber in which SO2 gas being introduced from a 
cylinder. 
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chamber occurred once in 1.0-1.5 minutes. Since the chambers were built with 
transparent polysheets and open-top, any significant hindrance in the sunlight 
incidence was not noted. 
Sulphur dioxide cylinder 
Brass made gas cylinders (10 It water capacity) filled with mixture of 
1% SOT and 99% N2 were procured from M/S Sigma Gases, New Delhi, India. 
A two stage gas regulator was fitted to the cylinder (Fig. 10). The gas regulator 
had a wider outlet pressure range that was easily adjusted by rotating the knob 
of adjustable screw. The two stage values consisted of a safety relief valve and 
flow control needle valve with two analog pressure meters were fitted at the 
outlet. The meter closer to the cylinder displayed gas pressure inside the 
cylinder, while the other meter showed releasing pressure of the gas. To adjust 
the releasing pressure //I a rotameter was fitted at the outlet (Fig. 10). Outlet of 
the regulator was fitted to the blowing assembly of the exposure chamber 
through a brass pipe to supply the gas. Independent gas cylinders were used to 
introduce SO2 in to an exposure chamber. 
Figure 10. Gas cylinder with two stage regulator fitted with rotameter. 
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Sulphur dioxide Analyzer 
The SO2 Analyzer (lEC 9850B Ecotech, Australia) was an ultraviolet 
inflorescence spectrophotometer designed to continuously measure low 
concentration of SO2. To monitor SO2 concentration inside the chamber three 
inlet Teflon pipes were fitted at 1, 2 and 3 ft. heights inside the exposure 
chamber which supplied the air gas mixture to the SO2 analyzer with the help 
of suction pump fitted before the analyzer (Fig. 11). Sampling of SO2 from 
different heights was done to minimize minor locational variation in the SO2 
concentration that might occur at different heights inside the chamber and to 
estimate an average concentration. The frequency of SO2 monitoring in every 
chamber was once in 45 minutes for 5 min/monitoring. Excess gas mixture was 
exhausted with the help of another exhaust pump fitted to the outlet of the 
analyzer. Desired concentration of the gas i.e., 25. 50 and 75 ppb SO2 (5 h 
mean) was maintained by calibrating the flow rate of pure SO2 from the 
cylinder and speed of the blowing assembly. 
; ;t-r.orT*-"'»* 
hp 
Figure 11. SO2 analyzer and SO2 concentration regulating system 
Germplasm of Indian mustard used in the study 
Experimental germplasm consisted of ten indigenous genotypes of commonly 
grown Indian mustard (Brassica juncea L.) viz. Mahyco Bold, Rohini, 
Alankar, Swama, Varuna, Karishma, Pusa Bold, BS-2, Kalamoti and Kranti 
was procured from an authorized seed dealer in Aligarh. 
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Experiment I 
Evaluation of performance of different methods of inoculations with 
Alternaria brassicae and A. brassicicola on Indian mustard. 
A set of two different cultivars viz., Alankar and Rohini {A. brassicae) and 
Pusa Bold and Kranti {A. brassicicola) were used to evaluate relative 
performance of seed, soil, foliar and agarose gel inoculation with the 
Alternaria spp. in causing the leaf blight. The experiment was conducted in 
polyhouse (Fig. 12). The polyhouse was made up of iron frame and covered 
with UV resistant polysheet. The polyhouse was divided into four cabins 
having independent entry through a corridor inside the house. Each cabin had a 
movable window and a low speed exhaust fan. 
Figure 12. Polyhouse used to screen Indian mustard cultivars against 
Alternaria brassicae and A. brassicicola singly and concomitantly 
(A). Cabins inside the polyhouse to prevent contamination by 
other fungus species (B); Inside view of a cabin (C). 
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Inoculation of A. hrassicae and A. brassicicola on plants was done in four 
different ways using equal amount of inoculum (ml/plant) to determine and 
effective methods of inoculation for further use in the study. 
i) Soil inoculation: The pots were filled with 1 kg mixture of autoclaved 
soil and farm yard manure (FYM) in the ratio 3:1. The 1 ml spore 
suspension (10'^  CPU's of Alternaria spp.) was added in the top pot soil, 
and thereafter surface sterilized seeds of mustard were shown in the 
pots. 
ii) Seed inoculation: The pots were filled with 1 kg mixture of autoclaved 
soil and FYM. The seeds were first surface sterilized with 0.5% NaOCl 
and then inoculated with 1ml spore suspension/lOg seeds. The seeds 
were first coated with 2% sucrose solution. A few hours later the seeds 
were applied with the spore suspension of A. brassicae and A. 
brassicicola separately. 
Figure 13. Inoculation methods used in the screening experiments A: Agarose 
gel inoculation of leaves. B: Foliar spray with spore suspension 
iii) Agarose gel inoculation: The surface sterilized seeds were sown in the 
pots filled with 1 kg mixture of sterilized soil and FYM. Micro 
inoculation was done on 1 month old plants by loading 1 /il spore 
suspension at a spot on upper surface temporarily positioned 
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horizontally followed by covering with 4 drops of 0.5% melted agarose 
gel (Fig. 13). A total of 1 ml spore suspension was inoculated on 
different leaves. 
iv) Foliar inoculation: One month old plants were inoculated by spraying 
with 5 ml spore suspension/plant (10^ spores/ml) (Fig. 13). 
Experinent II & III 
Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against Alternaria species. 
Ten cultivars of Indian mustard viz., Mahyco Bold, Rohini, Alankar, Swarna, 
Varuna, Karishma, Pusa Bold, BS-2, Kalamoti and Kranti were screened 
against A. hrassicae and A. hrassicicola. The pots were filled with sterilized 
soil and FYM in the ratio of 3:1. The seeds were surface sterilized with 0.5% 
NaOCl solution and shown in the pots. One month old plant was inoculated 
with fungus by foliar spray method. Liquid suspension containing 10^  spores of 
A. brassicae or A. hrassicicola per ml water was sprayed on the foliage @ 
1 ml/plant. 
Experiment IV 
Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against intermittent exposures of sulphur dioxide at 25, 50 and 75 
ppb. 
Ten indigenous germplasm of Indian mustard namely Alankar, BS-2, 
Kalamoti, Karishma, Kranti, Mahyco Bold, Pusa Bold, Rohini, Swarna and 
Varuna were surfaced sterilized with 0.5% NaOCl and sown in 15 cm diameter 
clay pots (10 seeds/pots) filled with 1 kg autoclaved soil and FYM (3:1). The 
pots were place in the exposure chambers and exposed to 2 (ambient), 25, 50 
and 75 ppb SO2 for 5 h per alternate day for 3 months. For ambient (control) 
treatment the plants were exposed to ambient air inside another exposure 
chamber for similar duration and air flow rate that was place around 200 m 
away from the chambers designated to receive 25, 50 or 75 ppb SO2 in anti 
windward direction. The pots were left inside chambers after exposure. 
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However, at each exposure the pots were rotated among the chambers to 
minimize the chamber variations. For every cultivar 5 pots were maintained. 
Pots were irrigated with 250 ml tap water on the day when they were not 
exposed to SO2. The treatments were as follows: 
T1 = Ambient air 
T2 = 25 ppb SO2 
T3 = 50 ppb SO2 
T4 = 75 ppb SO2 
Experiment V and VI 
Effect of intermittent exposures of 25, 50 and 75 ppb SO2 on the 
development of Alternaria blight caused by Alternaria species on 
germpiasm of Indian mustard. 
Effect of intermittent exposures of SO2 at 25, 50 and 75 ppb on Alternaria 
blight disease caused by A. brassicae or A. brassicicola, and the effect of 
fungal infection on sensitivity of plants to SO2 were investigated on the ten 
cultivars of Indian mustard viz., Mahyco Bold, Rohini, Alankar, Swarna, 
Varuna, Karishma, Pusa Bold, BS-2, Kalamoti and Kranti. The experiment was 
conducted in pots (inside exposure chamber for all 10 cultivars). The surface 
sterilized seeds of the ten cultivars of Indian mustard were sown (5-6 
seeds/pot) in clay pots filled with autoclaved soil (field soil and compost, 3:1 
ratio). After sowing, pots were sprinkled with water. Two weeks later, thinning 
was done and one plant was maintained in each pot. Plants were irrigated 
periodically. One month old seedlings of Indian mustard cultivars were 
inoculated with the spore suspension of Alternaria spp. (10^ spores/ml, 5 
ml/plant) by spray method inside the exposure chambers designated to receive 
ambient air (2 ppb), 25, 50 or 75 ppb SO2. The exposures started a day after 
inoculations and lasted for 3 months with a total of 46 intermittent exposures. 
The treatment of inoculation with of A. brassicae or A. brassicicola and 
exposure to SO2 were as follows: 
Tl = Ambient air 
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T2 = 25 ppb SO2 
T3 = 50 ppb SO2 
T4 = 75 ppb SO2 
T5 = Ambient air + A. brassicae ox A. brassicicola 
T6 = 25 ppb SO2 + A. brassicae or A. brassicicola 
T7 = 50 ppb SO2 + A. brassicae or A. brassicicola 
T8 = 75 ppb SO2 + A. brassicae ox A. brassicicola 
Plant culture and observations 
The plants of all treatments were grown for four month i.e. three months after 
start of exposure. During this period, pots were irrigated with tap water (250 
ml/pot) on alternate day and plants were examined daily for Alternaria blight 
and/or SO2 symptoms. At harvest, intensity of leaf spot/blight (%), relative 
frequency of Alternaria species, plant growth, yield (weight of grains/plant) 
and frequency of seed infestation with Alternaria species etc. were determined 
for all experiments, wherever relevant and are described under. 
1. Leaf blight and SO2 injury symptoms: Five leaves were randomly 
collected from replicate pots plants of a treatment and were examined to 
determine percent Alternaria spots/lesions and SO2 induced chlorosis 
and/or browning. 
2. Plant growth and biomass: At harvest, lengths, fresh and dry weight 
(excluding siliquae but including 10 leaves collected for symptom 
measurement) of shoots were determined. Shoot length was taken from the 
point of emergence of the root to the shoot apex. Shoot fresh weight was 
recorded in gram; thereafter it was dried in a hot air oven at 60°C for 48 hrs 
and dry weight was recorded. 
3. Yield: The pods (siliqua) were collected from the plants and dried inside a 
hot air oven for 4 days. Thereafter, the pods were threshed manually and 
grains were collected and weighed. 
4. Phylloplane population of Alternaria species on leaves, stem and 
siliquae: To determine the effect of SO2 exposure on the colonization and 
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sporulation of ^. brassicae and A. brassicicola, phylloplane population was 
determined by dilution plate method. Ten discs (or stem siliqua pieces 
equivalent to the disc) of known diameter were cut from the infected leaves, 
stem and siliquae and were shaken in 100 ml sterilized double distilled 
water in separate conical flasks for 30 minutes. Thereafter, discs were 
separated and the suspension was diluted to 10"'' dilution. Petri plates 
containing sterilized and solidified PDA were inoculated with lO"'' dilution 
suspension (0.3 ml/plate) with a sterilized glass spreader. Three plates were 
maintained for each treatment and were incubated in a BOD incubator at 
25±2°C for 72 hours. Colonies of Alternaria species were counted in the 
plates to determine number of spores/unit leaf area of plants. 
5. Estimation of leaf pigments 
Leaf pigments (chlorophyll a, chlorophyll b, total chlorophyll and 
carotenoids) were determined by grinding 1 g of fresh leaf tissue collected 
from interveinal areas of a plant in 40 ml of 80% acetone with the help of 
mortar and pestle (Arnon, 1949). The suspension was decanted in Buchner 
funnel lined with two Whatman filter papers (No. 1). The filtration was 
done with the help of suction pump. The residue was ground thrice by 
adding acetone. The suspension was decanted in Buchner funnel and 
filtered in vacuum. At last, mortar and pestle were rinsed with acetone and 
solution was transferred in Buchner funnel and filtered. The filtrate was 
transferred to 100 ml volumetric flask and the volume was made upto the 
capacity by adding acetone. Using spectrophotometer, the optical density 
(O.D) of the filtrate was read at 480 nm and 510 nm for carotenoids and 
645 and 663 nm for chlorophyll. Carotenoids and chlorophyll contents were 
calculated by using the following formulae 
Carotenoids = 7.6 (O.D. 480) - 1.49 (O.D. 510) 
dx 1000 xW 
Chlorophyll ^ a = 12.7 (O.D.663) - 2.69 (O.D. 645) x V 
1000 X W 
109 
Chlorophyll ^ b = 12.7 (O.D. 663) - 4.68 (O.D. 663) x V 
1000 xW 
Total chlorophyll = 20.2 (O.D. 645) + 8.02 (O.D. 663) x y 
1000 xW 
O.D. = Optical density (absorbance) 
d = length of the light path 
V = Total volume of the chlorophyll solution 
W = Fresh weight of the leaf 
6. Estimation of oil contents of seeds 
The seed samples were crushed to get a final meal for extracting the oil, 
after separating them from extraneous material. The ground seed meal (10 
g) was transferred to a soxhlet apparatus and sufficient quantity of 
petroleum ether was added. The apparatus was kept on a hot water bath 
running at 60°C for about 1 h, for complete extraction of the oil. The 
petroleum ether from the extracted oil was evaporated. The extracted oil 
was expressed as a percentage by mass of the seeds and calculated by the 
following formula. 
100 xm 
Oil content (%) = 
m° 
where, m = sum of the mass in grams of oil 
m° = seed samples in grams. 
Statistical analysis 
Each experiment was performed over two consecutive years. The general trend 
in the effect of treatments on the considered variables was more or less 
identical during year replication but the effect of years was frequently 
significant aXP < 0.05. Hence the data obtained from five replicates maintained 
each year were analyzed separately. During repetition of experiments, the 
methods were used more precisely as a result of experience gained from the 
previous year; hence results described in the thesis are based on the 
experiments conducted during second year. The data on different inoculation 
methods, and screening of mustard cultivars to SO2, A. brassicae and A. 
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brassicicola were subjected to a single factor analysis of variance (ANOVA) 
and least significance differences (LSD) were calculated for each variable at 
one probability levels, P < 0.05, and Duncans Multiple Range Test was 
employed to identify singnificantly different clonal responses (Dospekhov, 
1984). The observations recorded from interaction studies were subjected to 
two-factor ANOVA considering inoculation with A. brassicae or A. 
brassicicola as factor one and SO2 exposure as factor- two and LSDs were 
calculated at the three probability level of ? < 0.05, 0.01 and 0.001. Percent 
increase or decrease over control was calculated and used to describe results. 
Regression analysis for some important variables was performed to calculate 
regression equation and presented in graphical form. 
^e6ult0 anb ^tecueeion 
H^esufts and€isciASsion 
Experiment I 
Evaluation of performance of different methods of inoculations with 
Alternaria brassicae and A. brassicicola on Indian mustard. 
Two cultivars namely Pusa Bold and Rohini were used to evaluate the 
performance of different inoculation methods viz., foliar spray, agarose gel 
method, soil inoculation and seed treatment with Alternaria brassicae and 
another two cultivars i.e., BS-2 and Kranti with A. brassicicola. The disease 
intensity, phylloplane population, plant length and crop yield were recorded 
after 3 months of inoculation. The two cultivars used in the evaluation had 
varied response, the first one was highly susceptible to the fungal species while 
the second being moderately susceptible. This was done to know whether 
different methods of inoculation do affect the clonal reaction to the pathogen. 
Results 
Symptoms 
Typical symptoms of Alternaria blight caused by A. brassicae appeared on 
Indian mustard cv. Pusa Bold irrespective of the method of inoculations (Fig. 
14). Concentric lesions yellow to brown coloured developed on the leaves, 
Figure 14. Healthy and infested siliquae and stems of Indian mustard c\. Pusa 
Bold showing symptoms of Alternaria blight. 
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later on stem and siliquae (Fig. 14). The uninoculated (control) plants did not 
show any symptom of the disease. Highest disease intensity was recorded in 
the cv. Pusa Bold (76%) due to foliar spray, followed by the agarose gel 
inoculation method, in which the disease intensity was 61% (Pusa Bold) and 
20%) (Rohini). With soil and seed inoculation, the disease intensity was 45 and 
53%) in the cv. Pusa Bold whereas 15 and 18% in the cv. Rohini respectively 
(Table 8). 
Cultivar BS-2 was found highly susceptible to A. brassicicola and 
developed characteristic symptoms of concentric lesions, zonate spots of 1-10 
mm in diameter, dark brown to almost black coloured on the leaves and later 
on the stem and siliquae. Much greater disease intensity was noticed in the cv. 
BS-2 (71%) than Kranti (21%)) due to foliar inoculation with the fungus (Table 
8). Disease intensity caused by the agarose gel inoculation method, was 48%) in 
BS-2 and 15%) in Kranti. With soil and seed inoculation method, the disease 
intensity was 29 and 39 % (BS-2) and 10 and 12% (Kranti) respectively. 
Plant growth and yield 
Inoculation of A. brassicae with foliar spray method resulted to significant 
decrease in the plant length of Pusa Bold (10.3%, P<0.01) and Rohini (8.4%, 
?<0.05). With agarose gel inoculation method, the plant length of Pusa Bold 
and Rohini was reduced at P<0.05 in comparison to the controls (Table 9). 
Inoculation of A. brassicae in the soil significantly decreased plant length in 
the cv. Pusa Bold (9.6%, P<0.01) and Rohini (6.4%, P<0.05) where as with 
seed inoculation method, the significant decreased in plant length was 9.4 
(Pusa Bold, P<0.01) and 6.1% (Rohini, P<0.05) (Table 9). 
Foliar inoculation of Indian mustard cultivars with A. brassicicola 
caused a significant decrease in the plant length, i.e. 11.8 (BS-2, P<OM) and 
9.6%) (Kranti, /'<0.05) in comparison to uninoculated plants. With agarose gel, 
the plant length reduction was 10 (BS-2, P<0.01) and 8.7%) (Kranti, P<0.05) 
(Table 9). Soil inoculation with A. brassicicola caused significant 
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decrease in plant length, i.e. 8.2% (BS-2) and 7.3% (Kranti) which was 
significant at P<0.05, whereas the seed application significantly reduced the 
plant length in the cv. BS-2 (6.8%, P<0.05) and Kranti (5.8%, P<0.05) over the 
respective controls (Table 9). 
In uninoculated plants, the yield of Pusa Bold and Rohini was 6.8 and 
6.0 g/plant respectively. The yield of both cultivars significantly declined with 
all the methods of inoculation of A. brassicae over control. The significant 
yield decline with foliar inoculation was 23.5% (Pusa Bold, P^O.OOl) and 
13.3%) (Rohini, JP<0.01) (Table 9). The decrease in the yield with agarose gel 
method was recorded as 11.1% (Pusa Bold) and 11.7%) (Rohini) which were 
significant at P<0.01 and P<0.05, respectively. With soil inoculation, decrease 
in the yield was 13.3 (Pusa Bold) and 10% (Rohini, P<Q.Q5) respectively and. 
Seed inoculation resulted to the yield decline of 11.8%) in cv. Pusa Bold 
(P<0.05) (Table 9). 
The two cultivars inoculated with A. brassicicola exhibited significant 
decrease in the yield with all the methods of inoculation in comparison to the 
control. The foliar inoculation with A. brassicicola caused significant yield 
decline in BS-2 (20.5%, Z'SO.OOl) and Kranti (8.8%, /'<0.05) in comparison to 
respective control (Table 9). With agarose gel, soil and seed inoculation 
method, the percent decrease in the yield of BS-2 was 11.6 (P<0.01), 9.6 
(P<0.05) and 11.0%) {P<0.0\), respectively over respective control (Table 9). 
Phylloplane population 
Greatest phylloplane population of ^ . brassicae was recorded with foliar spray 
method (12x10^ C F U W leaf surface) followed by agarose gel (8x10^ CPU 
/cm^ leaf surface), soil application (5x10"^  CPU/cm^ leaf surface) and seed 
treatment (6x10 CPU /cm leaf surface) (Table 8). The phylloplane population 
with the foliar spray was 12x10^ CPU/cm^ leaf surfaces in the cv. Pusa Bold 
and 3x10^ CFU/cm^ leaf surface in the Rohini. The phylloplane population 
with agarose gel was recorded 8x10^ CPU/cm^ leaf surface. With 
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soil and seed inoculation method, the phylloplane population of Pusa Bold was 
5x lO^CFU and 7x lO^CFU, respectively (Table 8). 
The phylloplane population of A. brassicicola on BS-2 received 
inoculation through foliar spray, agarose gel, soil and seed treatment method 
was 10x10^ CPU, 7x10^ CPU, 5x10^ CPU and 6x10^ CPU/cm^ leaf surface 
respectively (Table 7). In Rohini the phylloplane population of A. brassicicola 
was 3 x 10^  CPU, 2x10^ CPU, 1x10^  CPU and 2 x 10^  CPU/cm^ leaf surface with 
foliar spray, agarose gel, soil application and seed treatment, respectively 
(Table 8). 
Discussion 
Characteristic leaf spot symptoms caused by Alternaria spp. developed on the 
plants inoculated through soil, seed, foliage or agarose gel have indicated that 
the methods used were successful in initiating the infection by A. brassicae as 
well as A. brassicicola. However, degree of disease severity varied with the 
method and significant differences in symptom development were recorded 
with the four methods of inoculation tested in the study. 
The Alternaria spp. are basically a foliar pathogen and attacks foliar 
parts (Rotem, 1994; Kohl et al, 2010). Foliar spray with the fungus suspension 
gave direct access to the spores to susceptible part and tissue resulting to 
infection in the leaves and latter in stem and pods (Humpherson-Jones and 
Ainsworth, 1982; Rotem, 1994; Singh and Singh, 2004). For this reason, the 
foliar spray was found to be the most effective method of inoculation to 
achieve severe disease symptoms among the four different modes of 
inoculations. Phylloplane population of the fungi was also recorded greatest on 
the plants sprayed with spore suspension oi Alternaria spp. Humpherson-Jones 
and Ainsworth (1982) have also reported highest population of ^. brassicae 
and A. brassicicola spores and also symptoms on the plants inoculated by 
foliar spray. The next in effectiveness in causing the disease and its further 
development was agarose gel inoculation. Ryan and Clare (1974) have 
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reported agarose gel method effective for precise inoculation and limited 
inoculation as the method is much time taking although is able to inoculate a 
very small amount of inocula, just a few spores. Different inoculation methods 
have been used by many researchers for the screening for resistance to 
Alternaria spp., with the goal to identify resistant genotypes (King, 1994; 
Vishwanath and Kolte, 1999). Among them foliar spray inoculation method 
has been found most effective method and hence is recommended for 
screening the rapeseed mustard genotype against Alternaria blight. 
There were significant differences in the plant growth parameters of 
plants received Alternaria inocula through different methods indicating that the 
methods were effective for infection by the pathogen. Foliar inoculation with 
A. brassicae and A. brassicicola has been found highly suppressive for plant 
growth and significantly reduced the yield of Brassica spp. (Humpherson-
Jones and Ainsworth, 1982). Significantly greater reduction in the plant growth 
was recorded with foliar inoculation of A. brassicae and A. brassicicola, 
followed by agarose gel method. Seed and soil inoculation methods were not 
so effective in comparison with foliar spray inoculation or agarose gel method. 
The regression analysis between the disease severity and yield loss in plants 
inoculated with different methods has shown stronger relationship in foliar 
inoculation followed by agarose gel method (Fig. 15 and 16). This has shown 
that the foliar inoculation caused disease of the severity that led to the yield 
decline greater than other methods. Moreover, this effect was observed in both 
highly susceptible and moderately susceptible cultivars with both species of 
Alternaria. This has also proved that mode of inoculation did not affected the 
varietal reaction as the coefficient of regression (r^ ) was lower in both highly 
and moderately susceptible cultivars for seed and soil inoculation method. 
Conclusion 
The study has shown that foliar inoculation method is much handy and was 
found relatively more effective in causing higher disease severity and resulted 
to greater reduction in plant growth and yield, and increase in the phylloplane 
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Figure 15. Correlation between disease intensity and yield of mustard against 
Alternaria brassicae on different inoculation methods. 
0.5 1.5 2 2.5 
Yield (g/plant) 
3.5 4,5 
Figure 16. Correlation between disease intensity and yield of mustard against 
Alternaria brassicicola on different inoculation methods. 
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population of the fungus in comparison to other methods. The different 
methods used did not influence the varietal/clonal reaction to the fungus as the 
CVS. Pusa Bold and BS-2 exhibited blight symptoms and yield reductions 
greater than cvs. Rohini and Kranti irrespective of mode of inoculation. Hence 
foliar spray method can be used in screening programmes and was also this 
method used during the course of present study in screening. 
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Experiment II & III 
Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against Alternaria brassicae or A. brassicicola. 
Ten cultivars of Indian mustard Brassica juncea viz., Mahyco Bold, Rohini, 
Alankar, Swama, Varuna, Karishma, Pusa Bold, BS-2, Kalamoti and Kranti 
were evaluated against A. brassicae or A. brassicicola separately using foliar 
inoculation of the fungus. Spore suspension of A. brassicae or A. brassicicola 
(10^ CFU/ml, 5 ml/plant each) was sprayed on the one month old plants. The 
pots were maintained inside a polyhouse to avoid contamination with other 
Alternaria spp. or pathogens. 
Results 
Evaluation against Alternaria brassicae 
Symptoms 
All the ten cultivars namely Mahyco Bold, Rohini, Alankar, Swama, Varuna, 
Karishma, Pusa Bold, BS-2, Kalamoti and Kranti screened found susceptible to 
A. brassicae but development and developed characteristic symptoms of spots 
and blight on leaves. The progress of the blight was slower in cv. Rohini with 
disease severity of 8-10% together on pods and leaves (Table 10). The cultivar 
Pusa Bold showed highest disease severity ranging from 59-75%, and the order 
of disease severity among the cultivars was Pusa Bold = Alankar = Karishma > 
Mahyco Bold > BS-2 > Varuna > Swama > Kalamoti > Kranti > Rohini. In the 
CVS. Rohini, Kranti and Kalamoti, the size of necrotic lesions was smaller 
indicating partial resistance/tolerance reaction, where as in highly susceptible 
cultivars eg., Pusa Bold, Alankar, Mahyco Bold, etc., the lesions were large. 
Yield 
Inoculation with A. brassicae resulted to significant decline (P<0.05) in the 
yield of Indian mustard cultivars (Table 10). The yield decline in the cultivars 
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P o o 
was 43.8% (Karishma), 33.3% (Pusa Bold and Alankar), 29% (Swama), 27.8% 
(Varuna), 25% (BS-2), 24.3% (Kranti), 23.8% (Kalamoti), 23.3% (Mahyco 
Bold), and 19.1% (Rohini) in comparison to respective uninoculated control 
Phylloplane population 
Overall population of ^. brassicae was found greatest on leaves followed by 
stem and pods (Table 11). The phylloplane population of the fungus was 
recorded highest in the cv. Varuna and BS-2 (35.0x10^ spores/cm^), followed 
by Pusa Bold, Alankar and Mahyco Bold (34.0x10^ spores/cm^), where as 
lowest in cv. Rohini (22.0x10^ spores/cm^). Order of the phylloplane 
population of A. brassicae was Varuna = BS-2 > Pusa Bold = Alankar = 
Mahyco Bold > Swarna > Karishma > Kalamoti == Kranti > Rohini. On stem, 
the fungus population was highest in cv. Alankar (15.3x10^ spores/cm^), 
followed by Swama, BS-2 and Varuna with H.OxlQ-'/cm^ and lowest 
population was recorded in Rohini (8.0x10^ spores/cm^). The fungus 
population on siliquae was in the order of Alankar (12.5x 10"^  spores/cm^) > BS-
2 (12.2x10^ spores/cm^) > Varuna (12.0x10^ spores/cm^) > Karishma 
(11.8x10^ spores/cm^) > Swarna (11.5x10^ spores/cm^) > Pusa Bold (10.0x10^ 
spores/ cm )^ > Mahyco Bold (8.0x10^ spores/cm^) Kalamoti (7.0x10^ 
spores/cm^) > Kranti (5.0x10^ spores/cm )^ > Rohini (4.0x10'^  spores/cm^) 
(Table 11). 
Seed infestation 
Seeds of the Indian mustard cultivars procured from market were found 
infested with Alternaria spp. and the pathogen infestation was external as well 
as internal with more or less equal frequency of occurrence (Table 12). Among 
the two species, A. brassicicola was highly dominant and was found associated 
with all seeds singly or concomitantly with A. brassicae. The frequency of/I. 
brassicae was very low (0-5%) and it was always present along with A. 
brassicicola. The relative frequency oiA. brassicicola was highly dominant in 
the seeds of cv. BS-2 and lowest in the cv. Karishma. Spore load of A. 
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brassicae was found in the cvs. BS-2, Mahyco Bold, Kalamoti, Kranti and 
Swama (Table 12). 
The frequency of occurrence of A. brassicae on the seeds harvested 
from the Indian mustard cultivars inoculated with the fungus was 100% (Table 
11). Greatest infestation of seeds with A. brassicae was found in cv. BS-2 and 
Alankar followed by Swarna. The order of spore load of the fungus on seeds 
was 2.8x10^ spores/seeds (BS-2 and Alankar), 2.2x10^ spores/seeds (Swarna), 
2.0x10^ spores/seeds (Kranti, Pusa Bold and Kalmoti), 1.3x]0^ spores/seeds 
(Varuna), 1.0x10^ spores/seeds (Mahyco Bold and Karishma) and 0.9x10^ 
spores/seeds (Rohini). 
Table 12. Frequency of infestation (%) by Alternaria brassicae and A. 
brassicicola on the seeds of Indian mustard cultivars procured from the market. 
Varieties 
Mahyco Bold 
Rohini 
Alankar 
Swarna 
Varuna 
Karishma 
Pusa Bold 
BS-2 
Kalamoti 
Kranti 
LSD (P<0.05) 
F-values 
Frequency of occurrence % 
Alternaria 
brassicicola 
10(3.2)'^  
10(3.2)^ 
10(3.2)^ 
20(4.5)" 
10(3.2) = 
10(3.2) = 
10(3.2) = 
30(5.5)' 
10(3.2) = 
10(3.2) = 
0.54 
NS 
Alternaria 
brassicae 
10(3.2)^ 
00(0.7)'' 
00(0.7)'' 
10(3.2)^ 
00(0.7)'' 
00(0.7)'' 
00(0.7)'' 
10(3.2)' 
10(3.2)' 
10(3.2)' 
0.29 
NS 
Alternaria brassicicola 
+ Alternaria brassicae 
10(3.2)'* 
30(5.5)" 
10(3.2)' 
30(5.5)" 
20(4.5) = 
10(3.2)'' 
10(3.2)'' 
40(6.4)' 
10(3.2)" 
20(4.5) = 
0.63 
NS 
Each value is a mean of five replicates. Figure in the parenthesis are transformed 
values Vx + 0.5. Values followed by different alphabets are significantly different at 
/'<0.05 according to DMRT. 
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Evaluation against Alternaria brassicicola 
Symptoms 
All the ten cultivars tested against A. brassicae were also found susceptible to A. 
brassicicola and developed characteristic symptom of concentric lesions of dark 
brown to almost black colour. Severity and progress of the disease however varied 
with the cultivar. The development and progress of the blight was slower in 
Kalamoti, followed by Swarna with disease severity of 8-10% together on leaves 
and pods (Table 13). The cultivar Alankar showed highest disease severity 
ranging from 60-71%, and the order of disease severity on the cultivars was 
Alankar > Pusa Bold > Mahyco Bold = Varuna > BS-2 > Rohini > Kranti > 
Karishma > Swarna > Kalamoti. In the cvs Kalamoti and Swarna the size of 
necrotic lesions was smaller indicating partial resistance/tolerance reaction, where 
as in highly susceptible cultivars eg., BS-2, Rohini, Pusa Bold etc., the lesions 
were large. 
Yield 
Inoculation with A. brassicicola resulted to significant decline in the yield of 
Indian mustard cultivars (Table 13). The yield decline in the cultivars due to A. 
brassicicola was 10% (Kranti), 11% (Kalamoti), 14% (Varuna, P<0.05), 29% 
(Rohini), 33% (Mahyco Bold, Alankar and BS-2), 39% (Pusa Bold), 46% Swarna 
and 50.0%) (Karishma) in comparison to uninoculated control. 
Phylloplane population 
Overall population of A. brassicicola was found greatest on leaves followed by 
stem and pods (Table 14). The phylloplane population of the fungus was recorded 
highest in the cv Varuna (37.0 x lO^spores/cm^), followed by Pusa Bold and BS-2 
(32.0 X 10^spores/cm^), where as lowest in cv Kalamoti (20.0 x 10^  spores/cm^). 
Order of the phylloplane population of ^ . brassicicola was Varuna > Pusa Bold = 
BS-2 > Alankar > Mahyco Bold = Karishma > Rohini > Swarna = Kranti > 
Kalamoti. On stem, the fungus population was highest in cv Alankar (15.0 x 
10^  spores/cm^), followed by Rohini and Varuna with 12.0 x 10 /cm 
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and lowest population was recorded in Kalamoti (6.0 x 10 spores/cm^). The 
fungus population on siliquae was in the order of Varuna (14.0 x 
lO^spores/cm )^ > BS-2 (13.0 xio^spores/cm^) > Rohini = Alankar (12.0 x 
lO^spores/cm )^ > Karishma = Swama (11.0 x lO'^ spores/cm )^ > Mahyco Bold 
(9.0 X lO^spores/cm )^ > Kranti (6.0 x 10^  spores/cm^) > Kalamoti (4.0 x 
10 spores/cm ). The data on the population has demonstrated that the fungus 
can infect the entire foliage of mustard. 
Seed infestation 
Seeds of the Indian mustard cultivars procured from market were found 
infested with Alternaria spp. and the pathogen infestation was external as well 
as internal with more or less equal frequency of occurrence. Seed infestation 
with the Altemaria spp. ranged 26 (Pusa Bold) to 79% (BS-2). Among the two 
species, A. brassicicola (50-100%) was highly dominant and was found 
associated singly or concomitantly with A. brassicae. The frequency of A. 
brassicae was low on cvs Mahyco Bold and Kranti (50%), Swarna (33%) and 
BS-2 (25%)), where as rest of the six cultivars were found free of the fungus 
infestation. 
The frequency of occurrence of A. brassicicola on the seeds harvested 
from the Indian mustard cultivars inoculated with the fungus was 100% (Table 
12). Greatest infestation of seeds with A. brassicicola was found in cv. BS-2 
followed by Varuna. The spore load of the fungus on seeds was recorded 
greatest in cv. BS-2 and Alankar (3.0 x 10 spores/seeds), followed by Rohini. 
Discussion 
Appearance of characteristic symptom of a disease is an important parameter 
for determining host reaction and susceptibility of cultivars to a pathogen 
(Kadian and Saharan, 1984; Kolte, 1985). Development of concentric lesions, 
yellow to brown in colour on the leaves of all cultivars of mustard inoculated 
with A. brassicae, has indicated that the cultivars tested were susceptible to the 
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fungus. The lesions caused by A. brassicicola were dark brown to almost 
black, pin head circular, concentric rings and zonate spots of up to 10 mm in 
diameter. Susceptibility, however, varied with regard to severity of symptoms 
and appearance of lesions on plant parts in addition to leaves. In the cultivars 
Pusa Bold, Mahyco Bold, BS-2, Karishma, Varuna and Alankar, the lesions 
also developed on the stem and siliquae. Such lesions usually occur on highly 
susceptible cultivars of mustard (Saharan, 1992; Mukherji et al., 1999). In the 
CVS Rohini and Kranti, the number and size of necrotic lesions were smaller, 
indicating expression of some resistance/tolerance against A. brassicae 
whereas the cultivars Pusa Bold, Alankar, Mahyco Bold, BS-2 etc. developed 
large lesions. Similarly, the development and progress of the blight caused by 
A. brassicicola were also relatively slower in the Kalamoti, Swama and 
Karishma in comparison to other cuhivars. In these cultivars the size of 
necrotic lesions was also smaller indicating partial resistance/tolerance 
reaction, whereas in highly susceptible cultivars such as cvs. Pusa Bold, 
Alankar, Mahyco Bold, BS-2, the lesions were larger. The number and size of 
lesions or spots, therefore, could be used as a parameter for screening 
resistance/tolerance in cultivars (Singh and Singh, 2004). Higher regression 
coefficient value (r =0.85) between disease severity and yield reduction also 
support strong relationship between the two variables (Fig. 17 and 18). The 
diseases progresses slower in moderately susceptible or tolerant cultivars 
(Kumar and Kolte, 2001; Gupta et al, 2001). 
In general, the cv. Rohini gave highest yield, followed by Kranti and 
Pusa Bold among A. brassicae inoculated group and cvs. Kalamoti and Kranti 
among A. brassicicola inoculated cultivars. Infection by A. brassicae and A. 
brassicicola resulted to reduction in the yield of Indian mustard. The yield 
decline in all different cultivars ranged from 19-44% due to A. brassicae, being 
highest in Karishma and lowest in Rohini whereas due to A. brassicicola the 
yield decline ranged from 10-50%, being the highest in Karishma and lowest in 
Kranti. Kolte et al. (1987) reported that Altemaria blight can significantly 
reduce total seed yield of rapeseed and mustard in all cropping seasons. Yield 
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Figure 17. Correlation between average disease intensity caused by Alternaria 
brassicae and yield of mustard. 
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Figure 18. Correlation between average disease intensity caused by Alternaria 
brassicicola and yield of mustard. 
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losses of 10-70% (Kumar, 1997) and 17-18% (Gadre et al, 2002; Yadav, 
2004) due to the Altemaria blight have been reported in mustard depending on 
weather factors. Altemaria blight caused yield loss upto 46-47% to yellow 
sarson and 35-38% in mustard, and in highly susceptible cultivars of Brassica 
the losses may further rise to 70% (Kolte, 1985; Saharan, 1991; Vishwanath 
and Kolte, 1997; Prasada et al., 2003). The yield reduction was apparently 
dueto decrease in the photo synthetic area of leaf as a result of leaf necrosis 
caused hyA. brassicae and^. brassicicola (Humpherson-Jones and Ainsworth, 
1982). Development of lesions on the siliquae also inhibits photosynthesis 
taking place on the siliqua leading to lesser transport of photosynthates to the 
developing seeds (Humpherson-Jones and Ainsworth, 1982; Rotem, 1994; 
Mukherji et al, 1999; Kohl et al, 2010). In addition, the lesions also cause 
shattering of siliquae resulting to net loss of seeds (King, 1994; Vishwanath 
and Kolte, 1999) which subsequent result to lesser yield. 
The phylloplane population of .4. brassicae was recorded highest in the 
susceptibility cultivars (Varuna and BS-2, 35.0x10 spores/cm ) and lowest in 
tolerant cultivar (Rohini, 22.0x10 spores/cm ). The phylloplane population of 
A. brassicicola was recorded highest in the susceptible cultivars (cv. Varuna 
37.0 X 10 spores/cm ) and lowest in tolerant cultivar (cv. Kalamoti, 20.0x10 
spores/cm ). The data on the fungal population has demonstrated that the 
fungus can infect the entire foliage of mustard. Many researchers have also 
isolated the fungus from leaves, stem and siliquae (Kaur et al, 2003). 
A. brassicae and A. brassicicola remain viable for a long period of time 
as spores on seed coat or as mycelium in seed as well as in infected plant 
debris. The Altemaria blight is seed borne (Meah et al, 1985) and the primary 
source of inoculums appears to be seed borne infection. Maude and 
Humpherson (1980) found that most affected seeds were contaminated by 
surface borne spores and mycelium of A. brassicicola, but many were 
internally infected. Richardson (1990) has also reported that^. brassicicola is 
seed bome and harbours Brassica seeds as dormant mycelium in the seed coat 
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or as conidial contamination (Petrie, 1974; Neergaard, 1977; Knox-Davies, 
1979). 
Conclusion 
The study has shown that 80% of the germplasm of Indian mustard tested was 
also found highly susceptible to A. brassicae and exhibited significant yield 
decline. However, two cultivars viz., Kalamoti and Kranti were found less 
susceptible or tolerant to A. brassicicola and can be cultivated in a situation of 
non availability of resistant cultivars and two cultivars viz., Rohini and Kranti 
also expressed tolerance against A. brassicae. 
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Experiment IV 
Evaluation for resistance/tolerance of indigenous germplasm of Indian 
mustard against intermittent exposures of sulphur dioxide at 25, 50 and 75 
ppb 
Ten cultivars of Indian mustard viz., Pusa Bold > Alankar = Karishma > 
Varuna > Kranti > Swama > Kalamoti > Mahyco Bold > BS-2 > Rohini were 
screened against intermittent exposures at 2 (ambient), 25, 50 and 75 ppb SO2 
for 5 h on alternate day for 3 months in open top exposure chambers. The 
plants were grown in 15 cm clay pots and exposures started one month after 
sowing. 
Results 
Symptoms 
Intermittent exposures at 75 ppb SO2 caused visible injury on the leaves of 
some cultivars of Indian mustard. A mild yellowing on leaves appeared first in 
the cultivar Pusa Bold after 4 weeks of exposure. Later scattered and irregular 
necrotic lesions developed on the leaves of various cuhivars tested except 
Kalamoti. Intensity of these symptoms was greater in Alankar, Pusa Bold and 
Mahyco Bold; in the cv. Alankar the necrotic lesions coalesce causing 
browning to a part of leaf (Fig. 19). Overall sensitivity of the cuhivars to SO2 
on the basis of foliar injury was in the order Alankar > Pusa Bold > Mahyco 
Bold > BS-2 > Rohini > Karishma > Varuna > Kranti > Swama. The SO2 at 25 
or 50 ppb did not induce prominent visible injury except some pinhead like 
chlorotic lesions that developed on the leaves of cv. Pusa Bold. 
Plant growth and yield 
Significant decline in the plant length was recorded in all the cultivars 
tested except Kalamoti and Swama due to intermittent exposure to 75 ppb in 
comparison to the respective plants exposed by ambient air (Table 15). The 
SO2 at 25 or 50 ppb did not influence the length or fresh weight of any cultivar 
(Table 15 and 16). The exposures at 75 ppb SO2, also significantly reduced the 
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yield (in terms of weight of grains/plant) and fresh weight of all the cultivars 
except CVS. Kalamoti and Swama in comparison to the control. The order of 
relative decline in the yield was Pusa Bold > BS-2 > Mahyco Bold > Varuna > 
Alankar > Rohini > Kranti > Karishma; the overall range of significant decline 
(P < 0.05) in the plant length, fresh weight, dry weight, and yield in these eight 
cultivars due to 75 ppb SO2 was 9-12%, 7-10%, 8-11% and 8-19% in 
comparison to the respective controls (Table 15-18). 
Figure 19. Foliar injury in the form of chlorosis and browning of leaves caused 
by intermittent exposures at 75 ppb SO2 to Indian mustard cultivars 
Alankar (A), Pusa Bold (B) and Mahyco Bold (C). 
Discussion 
Leaf yellowing, chlorosis and browning are characteristic symptoms of SO2 in 
green plants depending on concentration and exposure duration (Khan and 
Khan, 1992). The foliar symptoms caused by SO2 result due to toxicity of 
sulphate and sulphite ions (Varshney and Garg, 1979). Sulphur dioxide is a 
phytotoxic gas (Heggested et ai, 1986) and enters into leaf tissue through open 
stomata (Barret and Benedict, 1970). The gas reacts with moisture to form 
sulphate and sulphite ions which interfare with various biochemical processes 
(Pell. 1979). The ions cause partial bleaching, phaeophytinization and 
photoxidation of leaf pigments, resuhing into chlorosis and browning of leaf 
(Khan and Khan, 1993a; Agrawal and Deepak, 2003). Sulphur dioxide may 
cause leaf yellowing and chlorosis at concentrations as low as 50 ppb (De Kok, 
1990; De Kok and Tausz, 2001). However, in the present study intermittent 
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exposures at 25 or 50 ppb SO2 did not cause visible injury and influence the 
length or fresh weight of mustard cultivars. In several studies it has been found 
that intermittent exposures of SO2 below 50 ppb SO2 do not cause visible 
injury and significant yield loss (Khan et al., 1998a, 2007b) as observed in the 
present study. 
The exposures at 75 ppb SO2 also significantly reduced {P< 0.05) the 
plant fresh weight and yield of all mustard cultivars. Significant reductions in 
the plant growth and yield of other crops have been recorded at around 75 ppb 
SO2 (Weigel et al, 1990; Malhotra and Hocking, 1976). Effect of air pollutants 
on plants var>' with the cultivar and species. It has been frequently observed 
that cultivars of a crop species show considerable variation in the sensitivity to 
the gas (Thompson et al, 1984; Heck et al, 1986). Researches in India have 
also demonstrated varied varietal response of plants to SO2 that may help to 
identify tolerant species, cultivars or bioindicators (Agrawal, 2000). Weigel et 
al (1990) have recorded significant reduction in the growth and yield of barley 
at 31-66 ppb SO2. The cultivar Pusa bold also exhibited significant decline in 
the yield due to exposure at 50 ppb SO2. Significant reduction in the yield due 
to exposure to 50 ppb SO2 have been recorded on other crops (Agrawal, 2000; 
Khan et al, 2007b). 
In the present study SO2 at 75 ppb caused visible injury and significant 
decline to most of the cultivars. Several researchers have recorded visible 
injury and significant decline in the plant growth and yield of crop plants due 
to exposure at around 75 ppb SO2 (Thompson et al, 1984; Heck et al, 1986; 
Khan and Khan, 1997). 
Conclusion 
The study has indicated that crop species especially the plants with expanded 
leaves such as Indian mustard may sustain foliar injury and significant yield 
decline due to exposure to 50-75 ppb SO2. The present study has also indicated 
some degree of tolerance in the cv. Kalamoti. This finding is needed to be 
further verified to identify a tolerant germplasm against SO2. 
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Experiment V «& VI 
Effect of intermittent exposures of 25, 50 and 75 ppb SO2 on the 
development of Alternaria blight caused by Alternaia brassicae or A. 
brassicicola on germplasm of Indian mustard 
Interaction of SO2 and Alternaria brassicae and A. brassicicola separately was 
investigated on ten cultivars of Indian mustard (Brassica juncea) viz., Pusa 
Bold, Alankar, Karishma, Varuna, Kranti, Swarna, Kalamoti, Mahyco Bold, 
BS-2 and Rohini. One month old plants were inoculated with the spore 
suspension of ^ . brassicae or A. brassicicola separately (foliar inoculation) and 
intermittent exposed to 2, 25, 50 and 75 ppb SO2 for 5 h on alternate day 
started a day after inoculation and continued for 3 months. 
Results 
Effect of SO2 exposures on Alternaia brassicae 
Symptoms 
Typical symptoms of Alternaria blight appeared on mustard cultivars 
inoculated with A. brassicae. Concentric lesions yellow to brown in colour 
developed on the leaves, and at later stage on stem and siliquae. The 
uninoculated plants (control) of all cultivars, however, showed no symptom of 
the blight. The order of disease intensity due to foliar spray was Pusa Bold > 
Alankar = Karishma > Mahyco Bold > BS-2 > Varuna > Swarna > Kalamoti > 
Kranti > Rohini (Fig. 20, Table 19). 
Intermittent exposures of plants to 75 ppb SO2 caused visible injury on 
the leaves of mustard cultivars. A mild yellowing on leaves appeared first on 
the cv. Pusa Bold after 4 weeks of exposure. Later scattered and irregular 
necrotic lesions developed on the leaves of other cuhivars tested except cv. 
Kalamoti. Intensity of these symptoms was greater in the cvs Alankar, Pusa 
Bold and Karishma; in the cv. Alankar the necrotic lesions coalesce causing 
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Figure 20. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 on the 
severity of leaf blight (%) caused by Alternaria brassicae on 
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Figure 21. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 and 
inoculation mth Alternaria brassicae singly and concomitantly on 
grain yield of Indian mustard cultivars 
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browning to a part of leaf. Overall sensitivity of the cultivars to SO2 on the 
basis of visible foliar injury was in the order of Karishma > T- 59 > Alankar > 
Pusa Bold > Kranti >Swama > Mahyco Bold > BS-2 > Rohini. The SO2 at 25 
or 50 ppb did not induce visible injury except some pinhead like mild chlorotic 
lesions that developed on the leaves of cv. Pusa Bold. A slight enhancement in 
the blight as a result of exposure to 50 ppb SO2 as compared to 25 or 75 ppb 
SO2 was noticed on the cvs. Pusa Bold, Mahyco Bold and Alankar. At 75 ppb 
SO2, the fungus blight was relatively of lower severity, as noticed in all 
cultivars tested. Exposures, however, did not influence the time of appearance 
of the blight symptoms. Fungus inoculation did not affect the SO2 injury on 
any cultivar. 
Plant growth, yield and oil content 
Foliar inoculation with A. brassicae significantly decreased the plant length 
(P<0.05) of mustard cultivars except Rohini over respective uninoculated 
control and the order of decrease was Pusa Bold > Swama > Mahyco Bold > 
Kranti > Karishma > Kalamoti > Alankar > BS-2 > Varuna > Rohini (Table 
20). The yield of cultivars except Rohini, Varuna and BS-2 also declined 
significantly (P<0.05) when compared with respective uninoculated plants 
(control), and the order of yield decline was Pusa Bold (8%) > Swama (7.9%) 
> Mahyco Bold (7.8%) > Kranti (7.7%) > Karishma (7.3%) > Kalamoti (7.2%) 
> Alankar (6.9%) > BS-2 (6.3%) > Varuna (5.4%) > Rohini (2.2) (Fig. 21, 
Table 23). 
Significant decline in the plant length, ranging from 7.5% (cv. Rohini) 
to 13.2%) (cv. Kranti) was recorded in the cultivars tested except Rohini due to 
intermittent exposure to 75 ppb SO2 in comparison to the respective plants 
exposed to ambient air (Table 20). The SO2 at 25 or 50 ppb SO2 did not 
influence the length or fresh weight of any cultivar. The exposures at 75 ppb 
SO2 significantly reduced (P<0.05) plant fresh weight of all the cultivars except 
cvs. Rohini and Kalamoti in comparison to the control (Table 21). The yield 
(weight of grains/plant) decreased significantly in the cv. Rohini and Karishma 
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(P<0.05), BS-2 (?<0.01), Kranti, Pusa Bold, Alankar, Varuna and Mahyco 
Bold (/'SO.OOl) due to exposure to 75 ppb SO2 (Table 23). 
The plants inoculated with the fungus and exposed to SO2 showed a 
response that varied from the individual effect of the gas and the pathogen 
(Table 20). The inoculation with A. brassicae caused 7.9 and 13.6% reduction 
in the plant growth and yield of mustard cv. Swarna in comparison to the 
control. The inoculated plants and exposed to SO2 exhibited 3.2 and 8.6% 
reduction in the above variables at 50 ppb SO2, and 11.1 and 12.3%) decline at 
75 ppb SO2. The interaction between A. brassicae and 50 ppb SO2 was usually 
synergistic i.e. the two agents jointly caused greater reduction than the sum of 
their individual effects. For example, 50 ppb SO2 and A. brassicae reduced the 
yield of mustard cv. Swarna by 8.6 and 13.6%, respectively whereas the joint 
treatment resulted to 24.7% reduction in the yield. The interaction between 
fungus and 75 ppb SO2 was usually antagonistic or near to additive leading to a 
lesser reduction in the plant growth or yield compared to sum of the individual 
effect. For example 75 ppb SO2 and A. brassicae decreased the yield of cv. 
Pusa Bold by 20.6 and 14.7%o; whereas the two agents jointly reduced the yield 
of same cultivar by 29.3%). The joint effect of 25 ppb SO2 and the fungus on 
mustard cultivars was found near to additive. The cultivars Rohini, Kalamoti 
and Karishma showed resistance to A. brassicae and did not exhibit significant 
suppression in the yield. Similarly cvs Swarna, Rohini and Kalamoti also 
expressed some tolerance to SO2 exposures. 
Intermittent exposures of plants to SO2 reduced the oil content of the 
mustard grains; however, the significant decrease {P< 0.05) was noticed at 75 
ppb SO2 in the cv. Swarna (15.5%) followed by Rohini (15.4%), Pusa Bold, 
Mahyco Bold (14.8%), Kranti (14.7%), Alankar (13.6%), Karishma (13.4%), 
Varuna (13.1%), Kalamoti (6.7%) and BS-2 (2.6%) in comparison to the 
control (Fig. 22, Table 24). Inoculation with A. brassicae caused 13.1% 
decline in the oil content of cv. Mahyco Bold followed by Pusa Bold (12.8%) > 
Swarna (12.7%) > Varuna = Kranti (12.1%), Alankar (11.8%) > Karishma 
(11.7%), in comparison to uninoculated plants (Z'SO.OS). Interaction between 
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the gas and the fungus with regard to oil content of the grains was invariably 
antagonistic i.e. the decrease in the oil content caused by the fungus and gas 
together was less than the sum of decrease caused by the two agents 
individually. All the ten cultivars tested showed more or less similar response 
to SO2 exposures and A. brassicae inoculation with some variation. Significant 
decline in the oil contents was not recorded in the cv. Rohini, BS-2 and 
Kalamoti due to fiingus inoculation and in the cv. BS-2 due to gas exposure. 
° 31 
-Kanshma - » • Kranti Swama -- PusaBold - j_A lankar -o—BS-2 Rohini -e—T-59 - j ^Ma t i yco Bold -B—Kalamoti 
Without Alternana brassicae With Allernana brassicae 
25ppb 50ppb 75ppb 26ppb 50ppb 75ppb 
Figure 22. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 and 
inoculation W\\h Alternaria brassicae singly and concomitantly on 
the oil content of Indian mustard cultivars. 
Leaf pigments 
Leaf pigments viz., chlorophyll a, chlorophyll b and carotenoids were 
adversely affected rather found to be more sensitive than the plant growth or 
yield parameters. The exposures at 50 ppb SO2 caused 6.6-9.6% reduction in 
the chlorophyll a that was significant at /'<0.05 in cvs. Kranti, Swama, Pusa 
Bold, Alankar, BS-2. Rohini, Varuna, Mahyco Bold, Kalamoti at /'<0.05 and 
P<Qm in Karishma; the reductions at 75 ppb ranged 8.7-12.0% being 
significant at P<0.05 in cvs. Alankar, Varuna, Kalamoti; at /'<0.01 in cvs. 
Karishma, Kranti, Swama, BS-2, Rohini, Mahyco Bold and at F<0.001 in cv. 
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Pusa Bold (Table 25). The order of overall sensitivity of chlorophyll a at 75 
ppb SO2 was Mahyco Bold (12.1%) > Swarna = Pusa Bold (12%) > Karishma 
(11.3%) > Kranti (11.2%) > Alankar (11%) > Rohini (10.5%) > BS-2 (10.2%) 
> Kalamoti = Varuna (8.7%)). The gas exposures at 75 ppb SO2 significantly 
suppressed chlorophyll b {P<0.05) and the order of decrease was Rohini 
(9.7%) > Pusa Bold (9.1%)> Mahyco Bold = Swarna (9.0%) > Kranti = 
Karishma (8.1%) > Alankar (7.9%) > Kalamoti (5.3%) > BS-2 (5.0%) > 
Varuna (2.3%)) (Table 25). Reduction in the carotenoids due to exposure to 50 
and 75 ppb SO2 ranged 1.3-7.2% and 5.5-15.1%, respectively (Table 28). 
Inoculation with A. brassicae resulted to a significant decline in chlorophyll a 
(?<0.05 or ?<0.001), chlorophyll b (?< 0.05 or P^O.Ol) and carotenoids 
(P<0.05 or P<0.01) content of leaves of mustard cultivars except cv. Rohini in 
comparison to uninoculated plants. Greatest significant reduction in 
chlorophyll a and chlorophyll b due to A. brassicae was recorded in the cv. 
Swarna and Mahyco Bold (12%) and cv. Pusa Bold (9.1%o), respectively. 
Carotenoids contents decreased in the cv. Swarna (7.8%)) followed by Pusa 
Bold (6.6%), Karishma (6.2%), Mahyco Bold (5.9 %), Varuna (5.8%), BS-2 
(5.5%), Alankar (5.3%), Kranti (5.1%), Kalamoti (4.6%) and Rohini (1.3%). 
Leaf pigments of the mustard cultivars inoculated with A. brassicae and 
exposed to 25 ppb SO2 sustained greater reduction than the sum of reductions 
caused by them separately. At rest of the levels of SO2, the reduction in the 
chlorophyll contents in fungus inoculated plants was antagonistic or near to 
additive. Carotenoids content of the leaves showed more or less similar 
response to SO2 and A. brassicae as observed for the chlorophyll. The cultivars 
Rohini and Alankar did not exhibited significant reduction {P<0.05) in leaf 
pigments due inoculated with A. brassicae or expose to SO2, respectively. 
Phylloplane population 
The population of A. brassicae was not detected on any cultivar not inoculated 
with the fungus. Among inoculated treatments greatest phylloplane population 
of^. brassicae (foliar application) was recorded on the cv. Pusa Bold (12x10^ 
156 
CFU/cm' leaf surface) and lowest on the cv. BS-2 (1.7x10' CFU/cm" leaf 
surface) (Fig. 23, Table 29). Overall order of the phylloplane population was 
Pusa Bold > Alankar > Varuna > Karishma > Kranti > Swama > Kalamoti > 
Rohini >Mahyco Bold > BS-2. Population of ^. brassicae was also monitored 
on stem and pods and it rang ed 1-5x10^ CFU and 1-3x10^ CFU/cm' 
respectively on different cultivars (Fig. 23, Table 29). Highest CFU count on 
stem and pods was recorded on the cv. Pusa Bold and Varuna, respectively and 
lowest on cv. Mahyco Bold. Intermittent exposure to SO2 resulted to 
significant increase in the phylloplane population of A. brassicae. Highest 
population was recorded at 50 ppb SOT that ranged from 3.4-16x 10 CFU/cm" 
leaf surface being greatest in the cv. Pusa Bold. The population next to 50 ppb 
SO2 was recorded at 75 ppb SO. with 4.4x10^ to 12.2x10^ CFU/cm' of leaf 
A. brassicae A. brassicae+ 25 ppb A. brassicae + 50 ppb A. brassicae + 75ppb 
Figure 23. Effect of intermittent exposures at 25, 50 and 75 ppb SO. on the 
phylloplane population of Altemaria brassicae on Indian mustard 
cultivars. 
surface. The lowest phylloplane population was observed at 25 ppb SO2 i.e. 
2.1 x]0^ to 14x10^ CFU/cm' leaf surface but it was greater than control. The 
increase in the fungus population on the stem and pods of inoculated cultivars 
was greater at 50 ppb SO2 followed by 75 and 25 ppb SO2 concentration (Fig. 
23, Table 29). 
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Effect of SO2 exposures on Alternaria brassicicola 
Symptoms 
All the ten cultivars namely, Mahyco Bold, Rohini, Alankar, Swama, Varuna, 
Karishma, Pusa Bold, BS-2, Kalamoti and Kranti were found susceptible to A. 
brassicicola. Highest disease severity was recorded on cv. Pusa Bold (71%) 
and lowest on cv. Kalamoti (7%) (Fig. 24). The uninoculated plants of all 
cultivars showed no symptom of the blight. The cv. Kalamoti was found 
tolerant to the fungus as it developed very low disease symptoms (Table 30). 
The Indian mustard cultivars exposed to SO2 also developed injury symptoms 
of the gas especially at 75 ppb SO2. Apparently this concentration appears 
much higher than UNECE critical limit for crops i.e. 35 ppb SO2 (Anon, 1988). 
In fact, the concentrations used in the present study are mean of 5 h whereas 
the UNECE level is mean of 24 h. When our concentrations are converted into 
24 h mean the gas levels become much lower i.e. 17.2 ppb for 75 ppb of 5 h 
mean, 12 ppb for 50 ppb and 6.8 ppb for 25 ppb SO2, calculated by taking 75, 
50 and 25 ppb for every 5 hours and 2 ppb (ambient concentration) for rest of 
every 19 hours (Anon, 1986). Leaves of most of the cultivars especially cv. 
Pusa Bold showed mild yellowing and chlorosis later scattered and irregular 
necrotic lesions developed on the leaves of other cultivars tested except cv. 
Kalamoti. Intensity of these symptoms was greater in the cvs. Alankar, Pusa 
Bold and Karishma; in the cv. Alankar the necrotic lesions coalesced causing 
browning to a part of leaf The SO2 at 25 or 50 ppb SO2 did not induce visible 
injury except some pinhead like mild chlorotic spots or lesions that developed 
on the leaves of cv. Pusa Bold due to 50 ppb SO2. The blight severity was 
significantly greater in all cultivars exposed to 50 ppb SO2 as compared to 25 
or 50 ppb SO2 (Fig. 24). At 75 ppb SO2, the disease was relatively low 
compared to the control or other SO2 concentrations as noticed in all cultivars 
tested (Table 30). Fungus inoculation did not influence the SO2 injury on any 
cultivar, and exposures also did not affect the time of appearance of the blight 
symptom. 
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Figure 24. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 caused by 
Alternaria brassicicola on the severity of leaf blight on Indian 
mustard cultivars. 
Plant growth, yield and oil content 
Foliar inoculation with A. brassicicola significantly decreased the plant length 
{P< 0.05) and dry weight {P< 0.05) of mustard cultivars over respective 
uninoculated control except Rohini, Varuna and Kalamoti (dry weight). 
Highest decrease in the length and dry weight was recorded in the cvs. Pusa 
Bold and Karishma (Table 31 and 33). Significant decrease in the yield of 
infected plants was recorded in four cultivars. viz.. Kranti (16.7%), Alankar 
(15.1%, P< 0.01), Rohini (9.3%) and Swama (7.4%. P< 0.05) over control 
(Table 34, Fig. 25). In rest of the cultivars the decline was not significant {P< 
0.05). Significant decline in the oil contents of A. brassicicola inoculated 
plants was observed in cv. Pusa Bold (14%, P< 0.01), Kranti (12.1%), P< 0.01) 
and Mahyco Bold (10.4%), Rohini (8.9%), Varuna (8.8%), Alankar (8.4%), 
Swama (6.7%, P< 0.05) in comparison to uninoculated plants (Table 35). 
SO2 exposures at 25 or 50 ppb SO2 for 5 h did not influence the plant 
growth or yield of most of the cultivars tested, but 75 ppb SO2 for 5 h caused 
161 
significant reduction {P< 0.05) in tlie plant lengtli (10-12.7%) of all cultivars 
except Rohini (Table 31). Among the cultivars, the cv. Kalamoti, Swama and 
Kranti showed lowest plant length and the cv. Varuna, Mahyco Bold, Pusa 
Bold and Alankar were found tallest, whereas rest cvs. Rohini, BS-2 and 
Karishma were of moderate height (Table 31). This relative plant growth 
performance remained same with most of treatments of the fungus or gas. 
However, the combined treatment of 50 ppb SOT + A. brassicicola influenced 
the known response of cultivars with regard to plant length. The plant length of 
cv. Kalamoti was significantly less than the cv. Swama and Kranti, whereas in 
control set yield of the three cultivars was statistically same. Exposures at 75 
ppb SO2 induced significant decrease in the yield of mustard cultivars that 
varied from 5.9-11.3% in comparison to control (Table 34, Fig. 25) and also 
reduced plant fresh weight of all the cultivars except cvs. Kalamoti and Swama 
(P< 0.05). The gas exposure significantly decreased the seed oil content of all 
cultivars except BS-2; the decrease being highest in cv. Swarna (15.5%. P< 
0.01) and lowest in Kalamoti (6.7%, P< 0.05) over control (Table 35, Fig. 26). 
2 6 
—e—Kanshma -t^ j-- Kranti Swama ••--- Pusa Bold -i 
a „ 
"^- " " " ^ ^ $ ^ ~ ^ ^ 
^ ^ ~ ^ - ^ — ^ ^ > \ 
" ^ ^ 
Without Alternaria brassicicola 
3—Alankar-e—BS-2 -^ Rohini T-59-e—Mahyco Bold-B—Kalamoli 
-^.- ^ 
^^^^^^^^^^^^^—~:l 
"^^ ^^ ^^ ^^ ^^ ^^  
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Figure 25. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 and 
inoculation with Alternaria brassicicola singly and concomitantly 
on grain yield of Indian mustard cultivars. 
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Djoopissvuq y qjiM psjBjnooui sjuBjd jng '(53 -gi j) JU9UIJB3JJ JO 9Aijo3ds9JJi 
ppiX JS9q§iq BUJBMg pUB IJOUIB]BJ^ 'AO 9qj pUB pj9lX JS9M0| ApAlJB{9J 
9AB§ IJUBJ';>[ pUB 3-Sg 'AO 9qX "PP!^ OJ PJBS9J qjIM SJBAlJjnO U9J 9qj JO 
9Suods9J UMOU'yi 9qj J09JJB JOU pip S9jnsodx3 ^os -to uoijB|nooui snSunj 
content caused by the fungus and gas together was less than the sum of 
decrease caused by the two agents individually (Fig. 26). But cumulatively 
greater and significant reduction due to the joint treatment of fiingus and SO2 at 
50 and 75 ppb occurred in all cuhivars except Kalamoti over uninoculated and 
unexposed plants. Joint treatment of A. brassicicola and 25 ppb SO2 also 
caused significant decline in the oil contents of all cultivars except BS-2, 
Karishma and Kalamoti. The fungus alone reduced oil contents of all cultivars 
except Karishma, Swama and BS-2, Rohini and Kalamoti in comparision to 
control at ?< 0.05. 
r 36 
c 
- Karishma -Q - Kranti Swama ~ Pusa Bold-e—Alankar-e—BS-2 Rohir i i -a—T-59-e—Mahyco Bold-a—Kalamoti 
Without Allernaria brassicicola With Allernaria brassicicola 
25 ppb 50 ppb 75ppb 25 ppb 50 ppb 75ppb 
Figure 26. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 and 
inoculation with Alternaria brassicicola singly and concomitantly 
on the oil content of Indian mustard cultivars. 
Leaf pigments 
The exposures at 75 ppb SO2 caused significant reduction in chlorophyll 
a (8.7-12.1%), chlorophyll b (5-11.8% except Kranti and BS-2) and total 
chlorophyll (8.1-11.5%) of all mustard cultivars over control (Table 36-39). 
The carotenoids were significantly reduced in cv. Kranti. Swama, Varunaand 
Mahyco Bold due to exposure to 75 ppb SO2. Highest decrease in the leaf 
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pigments was recorded in the cv. Mahyco Bold and Swama. The gas at 25 or 
50 ppb did not influence the leaf pigments. 
Inoculation with A. brassicicola resulted in a significant decline {P< 
0.05) in chlorophyll a (except cvs. Karishma, Pusa Bold, Kalamoti), 
chlorophyll b (except cvs. Swama, BS-2, Rohini and Kalamoti), total 
chlorophyll (except cv. Rohini, Varuna and Kalamoti) and carotenoid contents 
(except cvs. Karishma, Swama, Rohini and Mahyco Bold) of leaves of mustard 
cultivars in comparison to uninoculated plants (Table 36-39). Greatest 
reduction in the leaf pigments was recorded in the cv. Pusa Bold (10-12.1%) 
and Kranti (8.8-11.8%). The leaf pigments were decreased greater in the plants 
inoculated with the fungus and exposed to SO2, and the percent reduction in 
the pigments was statistically equal in the inoculated plants exposed to 50 and 
75 ppb SO2. 
Phylloplane population 
The fungus, A. brassicicola was not detected on plants not inoculated 
with the fungus (control). Among inoculated treatments greatest phylloplane 
population of ^ . brassicicola (foliar application) was recorded on the cv. Pusa 
Bold (10x10^ CPU cm"^  leaf surface) and lowest on the cv. Kalamoti (2.8x10^ 
CPU cm" leaf surface) (Table 40, Fig. 27). Population of A. brassicicola was 
also monitored on stem and pods and it ranged 1-5^10 CPU and 1-3x10 CPU 
cm" leaf on the mustard cultivars, respectively. Highest CPU count on stem 
and pods was recorded on the cv. Pusa Bold and Varuna, respectively and 
lowest on cvs. Kalamoti and Mahyco Bold. 
Intermittent exposure to 25 and 50 ppb SO2 resulted in significant 
increase in the phylloplane population of A. brassicicola on the mustard 
cultivars (Table 40, Pig. 27), but at 75 ppb SO2, the population decreased over 
unexposed plants (control, Fig. 27). The population among 50 ppb SO2 
exposed cultivars ranged from 4.1-14.0x10 CPU cm' leaf surface being 
greatest in the cv. Pusa Bold and Alankar. The fungus population on 25 ppbi 
SO2 exposed plants ranged 2.8x10^ to 10x10^ CFU cm"^  leaf surface. Lowest 
phylloplane population was observed on 75 ppb SO2 exposed plants (5.0x10^ 
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to 9.2x10^ CFU cm'^  leaf surface) (Table 40, Fig. 27). The fungus population 
on the stem and pods of inoculated cultivars was greater at 50 ppb SO2 
followed by 25 and 75 ppb SO2. 
A. brassicicola A, brassicicola +25 ppb A. brassicicola +50 ppb A, brassicicola +75 ppb 
Figure 27. Effect of intermittent exposures at 25, 50 and 75 ppb SO2 on the 
phylloplane population of Alternaria brassicicola in Indian 
mustard cultivars. 
Discussion 
On the leaves of the cultivars of Indian mustard inoculated with^. hrassicae or 
A. brassicicola concentric lesions grey to black colour developed which is a 
specific symptom of the disease (Kadian and Saharan, 1984; Kolte, 1985). 
Severe lesions developed on the leaves of all the cultivars of mustard 
inoculated with Alternaria spp. indicating that most of the germplasm tested 
was highly susceptible to the fungus. The lesions were much pronounced in 
size and number, and also appeared on the stem and siliqua of cvs. Pusa Bold, 
Alankar and Karishma. Such lesions usually occur on highly susceptible 
cultivars of mustard (Saharan, 1992; Mukherji etal, 1999). 
176 
Intermittent exposures of plants to 75 ppb SO2 caused mild yellowing of 
leaves which is a recognizable acute injury of the gas (Varshney and Garg, 
1979; Khan et al, 2007b). SO2 is a phytotoxic gas and enters into leaf tissue 
through open stomata (Black and Unsworth, 1980). The gas reacts with 
moisture to form sulphate and sulphite ions which interfare with various 
biochemical processes (Pell 1979). The ions cause partial bleaching, 
phaeophytinization and photoxidation of leaf pigments, resulting into chlorosis 
and browning of leaf (Khan and Khan, 1993a; Agrawal and Deepak, 2003). 
Sulphur dioxide may cause leaf yellowing and chlorosis at concentrations as 
low as 50 ppb SO2 (De Kok, 1990; De Kok and Tausz, 2001). The symptoms 
on leaves were apparently due to decrease in the chlorophylls and carotenoids. 
The leaf pigments are highly sensitive to SO2 exposures (Khan and Khan, 
1993a). Jeyakumar et al. (2003) reported that seedlings of maize cv. Co-1 
when exposed to SO2 at LD50 underwent a significant decline in the total 
chlorophyll, chlorophyll a, chlorophyll b and carotenoids contents of leaves. 
Sulphur dioxide exposures influenced the severity of Altemaria blight. 
At 75 ppb SO2, the blight was relatively lower, as noticed in all cultivars 
tested. This may be due to inhibitory effect of SO2 on sporulation and 
multiplication of A. brassicae and A. brassicicola as the fungus was directly 
exposed to SO2 (Agrawal, 2000; Khan et al, 2007b). The gas may react with 
moisture present on the spores and is converted into sulphate and sulphite ions 
(Heagle, 1973). These ions may cause injury and perforation in the spore wall 
leading to leakage of protoplasm and causing plasmolysis, shrinkage and death 
of spores (Khan et al, 1998b). Wet and thin walled spores as of Altemaria spp. 
are more sensitive than dry spores (Couey, 1965). During the exposures (Nov.-
Jan.) higher humidity (70-85%) and lower temperature prevailed that might 
have facilitated formation and maintenance of moisture on spores leading to 
continuous conversion to SO2 to sulphate and sulphite ions on the spore 
surface. Wani et al. (1997) have reported decreased sporulation and spore 
germination of ^ . brassicicola due to exposures to 100 ppb SO2. 
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The exposures at 75 ppb SO2 caused significant reduction {P< 0.05) in 
the plant fresh weight and yield of all mustard cultivars. Significant reduction 
in the plant growth and yield of other crops has been recorded at around 75 ppb 
SO2 (Weigel et al, 1990; Malhotra and Hocking, 1976). In several studies it 
has been found that intermittent exposures of SO2 below 50 ppb SO2 do not 
cause visible injury and significant yield loss (De Kok, 1990; De Kok and 
Tausz, 2001; Khan et al, 2007b) as observed in the present study. This 
indicates that the concentration of sulphate and sulphite ions in the leaves 
formed due to intake of 25 and 50 ppb SO2 was not high enough to cause 
toxicity (De Kok, 1990; De Kok and Tausz, 2001; Wang et al, 2009) and these 
ions were readily metabolized by mustard plants consequently significant 
reduction in plant growth and yield of mustard did not occur (Durenkamp and 
De Kok 2004; Yang et al, 2006; Wang et al, 2009). 
Inoculation with A. brassicae and A. brassicicola caused reduction in 
the plant growth and yield of mustard. Premature senescence of leaves induced 
by the fungus may result into considerable decrease in the total photosynthetic 
leaf area of plants. Formation of lesions on the siliquae may also lead to 
premature ripening and shattering of the pods and subsequently considerable 
seed loss occurs (Saharan, 1992; Mtikherji et al, 1999). 
Intermittent SO2 exposures influenced the pathogenesis of ^. brassicae 
as well as host pathogen relationship. The interaction between^, brassicae and 
SO2 was found concentration dependent. The interaction of the fungus and 50 
ppb SO2 was usually synergistic i.e. the two agents jointly caused greater 
reduction than the sum of their individual effects on eight cultivars while on 
rest two cultivars, it was not statistically different from the additive effects 
hence was near to additive. For example, 50 ppb SO2 and A. brassicae jointly 
reduced the yield of cv. Karishma by 27% against the additive effect of 18%. 
The synergistic interaction might have occurred due to stimulatory effect of 50 
ppb SO2 on the sporulation and/or spore germination of ^. brassicae. Wani ei 
al (1997) have reported greater germination and production of ^. brassicae 
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spores due to exposure to 35 ppb SO2. Stimulatory effect of 50 ppb SO2 on 
powdery mildew fungus, Sphearotheca fuliginea has also been reported (Khan 
et al, 1998a). At 75 ppb SO2, the interaction was usually antagonistic leading 
to a lesser reduction in the plant growth or yield compared to sum of the 
individual effects. The fungus and 75 ppb SO2 jointly reduced the yield of cv. 
Pusa Bold by 29% where as sum of individual effects was 35%. SO2 can be 
stimulatory for A. brassicae upto certain concentration beyond that it may 
become inhibitory to the fungus. The 75 ppb SO2 proved suppressive to the 
fungus. However, this suppressive concentration may vary with the fungus, for 
example, A. brassicae was suppressed by 70 ppb SO2 m"'^  (Wani et al, 1997) 
where as 5*. fuliginea at 100 ppb SO2 (Khan et al, 1998a). However, both these 
concentrations of the gas caused plasmolysis and rupturing of the conidia 
(Wani et al, 1997: Khan et al, 1998a). 
The interaction between A. brassicicola and 50 ppb SO2 was also foimd 
to be synergistic i.e. the two agents jointly caused greater reduction than the 
sum of their individual effects. Significant synergistic interaction was recorded 
on six cuhivars (Kalamoti, Kranti, Mahyco Bold, T-59, Karishma and Swama). 
For example, 50 ppb SO2 and A. brassicicola jointly reduced the yield of cv. 
Kalamoti by 23.5% against the additive effects of 13.2% of the gas and fungus. 
On rest four cultivars viz., Alankar, Rohini, Pusa Bold and BS-2, the 
interactive effects were not statistically different from the additive effects, 
hence, the interaction was considered near to additive. For example, on the 
cultivar Pusa Bold the sum of reductions in the yield was 14.7%) against 16.3%) 
cummulative effect of 50 ppb SO2 and the fungus species. The synergistic 
interaction might have occurred due to stimulatory effect of 50 ppb SO2 on the 
sporulation, spore germination of ^ . brassicicola as occurred with A. brassicae 
and/or by affecting the host resistance against the fungus. Some studies have 
shown that 64-79 ppb SO2 weakened the plant defense leading to greater 
severity of rust caused by Uromyces viciae-fabae on Vicia faba (Lorenzini et 
al, 1990). Wani et al. (1997) have reported greater germination and production 
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of spores of^. brassicicola due to exposure to 35 ppb SO2. At 75 ppb SO2, the 
interaction was usually antagonistic as observed for A. brassicae, leading to a 
lesser reduction in the plant growth or yield compared to sum of the individual 
effects. The antagonistic interaction was significant (P< 0.05) in two cultivars 
(Mahyco Bold and Alankar), whereas in rest the interaction was not significant 
(near to additive). The higher concentration (75 ppb SO2) may have weakened 
the host resistance but its direct inhibitory effect on A. brassicicola was greater 
than the former, resulting to relatively lesser reduction in the plant growth and 
yield compared to the sum of their individual effects. 
Chlorophylls and carotenoids were found to be sensitive to SO2 greater 
than the plant growth parameters. SO2 after entering through stomata causes 
various types of injury to leaf tissues and interferes with biochemical process 
(Pell, 1979). It causes bleaching, phaeophytinization, and photooxidation of 
leaf pigments, resulting in chlorosis and browning of leaves (Varshney and 
Garg, 1979). Jeyakumar et al. (2003) reported that seedlings of maize cv. Co-1 
when exposed to SO2 at LD50 underwent a significant decline in the total 
chlorophyll, chlorophyll a and b contents and carotenoids contents of leaves. 
Intermittent exposures of plants to SO2 reduced the oil content of the 
mustard grains; however, the significant decrease was noticed with 75 ppb 
SO2. The fungus inoculation also decreased the oil contents in all the cultivars. 
Interaction between the gas and the fungus with regard to seed oil contents of 
grains was invariably antagonistic i.e. the decrease in the oil content caused by 
the fiingus and gas together was less than the sum of decrease caused by the 
two agents individually. It indicates that the plants at maturing stage of growth 
tolerated or avoided the adverse effects of the gas and fungus by developing 
certain mechanism or the oil formation was not sensitive to the two pathogens. 
Mustard oil contain allyl isothiocyanate which possesses antimicrobial activit}' 
(Brown and Kerry, 1987). Similarly SO2 also might have not influenced oil 
production due to lower succulence and moisture in the leaves and /or seeds at 
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maturing stage of plants as principal toxicity of SO2 to plant tissue occurs due 
to reaction of SO2 with moisture (Barret and Benedict, 1970). 
Exposure of plants to SO2 at 25 or 50 ppb SO2 significantly increased 
the phylloplane population of ^. brassicae and A. brassicicola on all cultivar. 
This has revealed that lower concentration stimulated sporulation. Khan et al. 
(1998a) reported that colonization by S. fuliginea was relatively greater on the 
plants exposed to 54 ppb SO2. The higher concentration of the gas, however, 
proved inhibitory evidenced by a lower phylloplane population of A. brassicae 
and A. brassicicola on the leaves of 75 ppb SO2 exposed plants. In vitro study 
has revealed that 70 ppb SO2 may suppress sporulation and spore germination 
of ^ . brassicae (Wani et al, 1997). 
Conclusion 
The study has demonstrated that 25 and 50 ppb SO2 for 5 h synergized 
the pathogenesis of A. brassicae and A. brassicicola whereas as 75 ppb SO2 
proved inhibitory to fungus. As a result synergistic interaction between 50 ppb 
SO2 and the two Alternaria species occurred on most of the cultivars tested. 
However, at 25 or 75 ppb the interaction between the gas and fungi was found 
to antognistic or near to additive. 
Overall conclusion 
The study has demonstrated that the germplasm of Indian mustard 
commonly cultivated in the countries is susceptible to Alternaria spp. and 
considerably sensitive to SO2 at concentrations relevant to Lidian environment. 
However, sensitivity of plants to the gas and susceptibility to the blight fungus 
varied with the cultivar. The cultivars which demonstrated tolerance against 
the A. brassicicola (cv. Kalamoti) and A. brassicae (cv. Rohini) became 
susceptible to the fungus and developed moderate symptoms and significant 
yield reduction due to exposure to 50 ppb SO2. In general, 25 and 50 ppb SO2 
for 5 h on alternate day promoted the pathogenesis of the fungus whereas as 75 
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ppb SO2 suppressed the blight. The synergistic interaction between 50 ppb SO2 
and Alternaria spp. was recorded on more than 70% of the cultivars tested. The 
interaction between 75 ppb SO2 and the fungus was antagonistic or near to 
additive. 
Stimulatory effects of 50 ppb SO2 on Alternaria blight is an alarming 
observation as this concentration of the gas may occur around SO2 sources. 
Hence, crops growing around coal fired thermal power plants, petroleum 
refineries, busy highways or other major SO2 sources may develop Alternaria 
blight of greater severity, irrespective of clonal reaction. 
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